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Abstract: β-galactosidase is an enzyme capable of hydrolysing lactose, used in various branches of
industry, mainly the food industry. As the efficient industrial use of enzymes depends on their reuse,
it is necessary to find an effective method for immobilisation, maintaining high activity and stability.
The present work proposes cross-linked magnetic cross-linked enzyme aggregates (mCLEAs) to
prepare heterogeneous biocatalysts of β-galactosidase. Different concentrations of glutaraldehyde
(0.6%, 1.0%, 1.5%), used as a cross-linking agent, were studied. The use of dextran-aldehyde as an
alternative cross-linking agent was also evaluated. The mCLEAs presented increased recovered
activity directly related to the concentration of glutaraldehyde. Modifications to the protocol to
prepare mCLEAs with glutaraldehyde, adding a competitive inhibitor or polymer coating, have not
been effective in increasing the recovered activity of the heterogeneous biocatalysts or its thermal
stability. The biocatalyst prepared using dextran-aldehyde presented 73.6% recovered activity, aside
from substrate affinity equivalent to the free enzyme. The thermal stability at 60 ◦C was higher
for the biocatalyst prepared with glutaraldehyde (mCLEA-GLU-1.5) than the one produced with
dextran-aldehyde (mCLEA-DEX), and the opposite happened at 50 ◦C. Results obtained for lactose
hydrolysis, the use of its product to produce a rare sugar (D-tagatose) and operational and storage
stability indicate that heterogeneous biocatalysts have adequate characteristics for industrial use.

Keywords: β-galactosidase; immobilization; mCLEA; D-galactose; D-tagatose

1. Introduction

In several industrial sectors, the use of enzymes has become common for process
modification and optimisation, as well as the introduction of new methods to solve previ-
ously neglected issues [1,2]. Currently, in industrial processes related to the food industry,
β-galactosidase (E.C. 3.2.1.23) is one of the most used enzymes due to its ability to hydrol-
yse lactose, a disaccharide consisting of glucose and galactose, whose presence in certain
products and by-products may represent a hindrance.

β-galactosidase is a member of the glycoside hydrolases superfamily, possessing an
(α-β)8-barrel catalytic domain among its six overall domains. The Aspergillus oryzae β-
galactosidase has glutamic acid residues in the active site that function as an acid/base
catalyst (Glu200) and another that works as a nucleophile (Glu298). During catalysis, in
the active site, the β-galactose molecules make hydrogen bonds with other residues (Tyr96,
Asn140, Glu142, and Tyr364) around the domain [3,4].

Some people have a deficiency in the production of β-galactosidase in the body, and
the accumulation of lactose can cause discomfort and some intestinal problems, thus
requiring the consumption of products in which the lactose has been hydrolysed or re-
moved industrially. In addition, the presence of lactose, a hygroscopic sugar, promotes
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unwanted crystallisation, which may alter the texture of certain dairy foods, i.e., frozen
desserts. The presence of lactose in the by-products of the dairy industries discharged
into the environment, such as whey, is also undesirable because it considerably increases
the biochemical demand for oxygen (BOD) in the environment, one of the most critical
parameters for monitoring pollution. The monomers that compound lactose can also be
used later for various purposes, such as the production of ethanol and culture media for
laboratory use [5,6]. One particular use of the galactose produced by lactose hydrolysis is its
subsequent isomerisation to D-tagatose, a rare sugar beneficial to the intestinal microflora
and with great potential to substitute sugar in low-caloric and hypoglycaemic diets [7,8].
The isomerisation can be carried out by another enzyme, L-arabinose isomerase (L-AI),
in a cascade reaction coupled with β-galactosidase. The reaction starts with lactose as
a substrate to produce D-tagatose [9–11]. Working with enzymes in an industrial envi-
ronment requires certain precautions, such as controlling temperature, pH, and possible
contamination, but especially regarding maximising efficiency and reducing losses. Thus,
enzymatic immobilisation is necessary to supply such conditions, as it allows the reuse
of molecules and increases enzyme stability, ensuring maximum use of cross-linked [12].
Among the various existing enzyme immobilisation methods, the formation of cross-linked
enzyme aggregates (CLEA) is advantageous because it does not require specific support,
reducing the costs associated with the strategy. CLEA consists of an aggregate of enzymes
covalently linked to each other, which prevents its solubilisation and, consequently, allows
its separation from the medium by simple techniques such as filtration and centrifugation.
The method to prepare these aggregates unifies different stages of insolubility, such as
precipitation and immobilization, in a single process, not requiring an extremely purified
sample due to the specificity of the cross-linking reactions that involve only specific amino
acid residues [13,14].

However, since the most commonly used separation methods for heterogeneous
biocatalyst recovery, such as filtration and centrifugation, are also costly and difficult to be
carried out on a large scale, there is an alternative that involves binding enzyme aggregates
to superparamagnetic nanoparticles (MNP) so that the heterogeneous biocatalyst can be
separated by a magnetic field [15,16]. These biocatalysts are known as magnetic cross-
linked enzyme aggregates (mCLEA), a concept introduced in the early 2010s, in which
the enzymes are covalently linked to the nanoparticles functionalised with amino groups
in the same step that promotes the cross-linking of the enzyme molecules, giving all the
heterogeneous biocatalyst magnetic properties [17–19]. Since then, the mCLEAs of different
enzymes have been used in broad applications such as biodiesel production, biomass
conversion, biodegradation of pollutants and cancer diagnosis [20–23]. The use of CLEAS
and mCLEAs have also been described in the literature for the production of the rare sugar
D-tagatose [11,24]. In a previous work by our group [24], mCLEAs of the recombinant
L-arabinose isomerase (L-AI) from Enterococcus faecium were evaluated for the synthesis
of D-tagatose from galactose. Stable and active insoluble L-AI biocatalysts were prepared.
An amount of 110 mM of D-tagatose was produced, corresponding to 22% of galactose
conversion, when m-CLEAs of L-AI were used as biocatalysts. It is also important to
mention the work of Rai et al. [11], that studied the synthesis of D-tagatose from galactose,
catalysed by mCLEAs of L-AI, and from lactose, using Combi-mCLEAs of L-Arabinose
Isomerase and β-galactosidase, in a two-step cascade process. The authors achieved ∼50%
yield of D-tagatose (at 24 h) from galactose isomerisation catalysed by the mCLEA, and
∼25% yield was found when D-tagatose was produced from lactose using Combi-mCLEA
(β-galactosidase + L-AI). The work of Rai et al. [11] described, for the first time, a magnetic
CLEA that combines the enzymes L-AI and β-Gal and that can be applied directly in the
transformation of lactose into D-tagatose. The authors, however, used glutaraldehyde as a
crosslinking agent for the preparation of Combi-mCLEA, which may be a disadvantage
since glutaraldehyde is reported as a toxic/hazardous substance [25].

Along with the formation of cross-linked enzyme aggregates (CLEA), chemical modi-
fications of the enzymes are an essential tool for immobilisation and enhancing enzyme
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properties, such as stability and are used to modify catalytic features [26]. Bifunctional cross-
linking agents are the key to enabling carrier-free immobilisation or self-immobilisation [27].
Glutaraldehyde, a small dialdehyde molecule, is the most commonly used bifunctional
compound for the preparation of CLEA, due to its high reactivity with amine groups
and conversion yield, low steric effects, stability, as well as high market availability and
economic efficiency [27,28]. Glutaraldehyde has widely been used as a protein cross-linker,
as an activator of supports, and as a cross-linker of enzymes and support [17,29]. De-
spite its vast application, glutaraldehyde is a toxic compound, and its application in the
environmental, food and pharmaceutical industry is relatively limited [30].

The search for adequate cross-linking agents for human health and environmental
applications has been studied [31,32]. Among these agents, dextran-aldehyde, prepared by
the periodate oxidative cleavage of 1,2-diol moiety inside dextran, has been pointed out as
a promising compound for preparing CLEAs, since no toxicity issues are reported [33–35].
Dextran-aldehyde is a random multifunctional coil polymer with the properties of a coating
material and a macromolecular cross-linker. It can be used to stabilize complex protein
and lipid-based nanoparticles due to the chemical reaction between oxidized dextran
and proteins, implying the formation of the Schiff base complex and creating covalent
binding through imine bonds [35]. This compound has been used to enhance enzymatic
biocatalysts systems: modify free or immobilised enzymes, modify supports involved
in enzyme manipulation with different objectives, or even as a spacer arm in enzyme
immobilisation [36–38]. Although dextran-aldehyde has been used to prepare CLEAs [38],
the crosslinking step can be a bottleneck since it involves the reaction of reactive primary
amino groups on the protein surface, which may not be available in large amounts. Thus, in
such cases, the preparation of CLEAs is not simple, and depends on the enzyme in question.
To the best of our knowledge, the use of dextran-aldehyde as a non-toxic alternative for
glutaraldehyde for the preparation of mCLEAs of β-galactosidase has not been reported.

In this work, different strategies to prepare heterogeneous magnetic biocatalysts
of beta-galactosidase were compared, aiming at efficient lactose hydrolysis, to later use
its products for various purposes, such as the synthesis of the rare sugar D-tagatose, a
cascade reaction. The magnetic biocatalysts (mCLEAs) were obtained using two cross-
linking agents, glutaraldehyde and dextran-aldehyde, in order to allow the enzyme to
bond through different areas. The use of dextran-aldehyde in this work aims to avoid the
possibility of product contamination by weakly bonded glutaraldehyde molecules. Thus, it
is expected to optimise their catalytic efficiency, thermal and operational stabilities, as well
as the recovery of those heterogeneous biocatalysts after use in industrial processes.

2. Results and Discussion
2.1. Preparation of β-Galactosidase Magnetic CLEAs Using Different
Glutaraldehyde Concentrations

Three different glutaraldehyde concentrations (0.6, 1.0 and 1.5%) were investigated
for the preparation of β-galactosidase magnetic CLEAs (mCLEAs) to evidence the most
efficient concentration for the cross-linking of the aggregates. It should be noted that the
protein concentration was the same for all immobilisations (10 mg·mL−1).

In this work, the theoretical activity was 10.93 U, corresponding to the free enzyme’s
activity in solution. High immobilisation yields (100%) were obtained at any investigated
conditions since no activity was detected on the supernatant after protein precipitation.

Table 1 presents the results of the effect of the different cross-linker concentrations on
the heterogeneous biocatalysts activity and recovered activity of mCLEAs. Figure S1 (in
the Supplementary Materials) shows the thermal stability of mCLEAs at 60 ◦C, and Table 2
summarises the half-lives and deactivation parameters.

The biocatalyst prepared with the higher glutaraldehyde concentration (mCLEA-GLU-
1.5) was the one with the highest recovered activity (32.33%), higher than mCLEA-GLU-1
(21.11%) and mCLEA-GLU-0.6 (11.96%), as shown in Table 1. Similar results were also
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reported by Podpreošk et al. [39], who describe that 1.5% glutaraldehyde is the ideal
concentration to achieve a high recovered activity in both CLEAs and mCLEAs.

Table 1. Effect of different glutaraldehyde concentrations on magnetic cross-linked enzyme aggre-
gates (mCLEAs) parameters of β-galactosidase: Immobilized enzyme activity (Atd) and Recovered
activity (Atr).

Sample Atd (U) Atr (%)

mCLEA-GLU-0.6 1.31 ± 0.47 11.96 ± 4.30
mCLEA-GLU-1 2.31 ± 0.40 21.11 ± 3.66

mCLEA-GLU-1.5 3.53 ± 0.36 32.33 ± 3.29
The results are presented as an average value with standard deviations. The recovered activity is the ratio between
the activity of the heterogeneous biocatalyst and the theoretical activity.

Table 2. Sadana and Henley model parameters for thermal inactivation at 60 ◦C of the free enzyme
and mCLEA of β-galactosidase produced with different concentrations of glutaraldehyde.

Sample R2 t1/2 (min) SF α Kd (min−1)

mCLEA-
GLU-0.6 0.99 16.46 0.74 0.32 0.08

mCLEA-
GLU-1 0.97 7.45 0.33 0.12 0.15

mCLEA-
GLU-1.5 0.96 26.57 1.19 0.03 0.03

Free enzyme 0.97 22.24 - 0.06 0.03

The conditions employed for inactivation were 50 mM potassium phosphate buffer (pH 6.6). R2 is the correlation
factor; t1/2 is the half-life of the enzyme. SF is the stability factor, a ratio between t1/2 of the heterogeneous
biocatalyst and t1/2 of the free enzyme; α represents the fraction of the enzyme or heterogeneous biocatalyst that
loses activity; Kd is the thermal inactivation constant.

The thermal stability at 60 ◦C and pH 6.6 for the three investigated mCLEAs biocata-
lysts are shown in Figure S1 (in the Supplementary Materials). The biocatalysts presented
a progressive thermal decay profiles within the analysis time, presenting half-lives be-
tween 7.45 and 26.57 min. The biocatalyst that showed the highest thermal stability at
60 ◦C was produced with the highest concentration of glutaraldehyde, mCLEA-GLU-1.5
(t1/2 = 26.57 min), followed by the biocatalysts mCLEA-GLU-0.6 (t1/2= 16.46 min) and
mCLEA-GLU-1 (t1/2 = 7.45 min), respectively. The half-life of the free enzyme was
22.24 min, lower than the mCLEA-GLU-1.5, which indicates that immobilisation increased
the thermal stability of the enzyme.

The mCLEA of β-galactosidase prepared with the highest concentration of glutaralde-
hyde (1.5%) as cross-linker yielded the most active biocatalyst (Atd = 3.53 U and
Atr = ~32%) and the most stable biocatalyst (t1/2 = 26 min). Therefore, mCLEA-GLU-
1.5 was selected for the following experiments.

2.2. Effects of the Presence of an Inhibitor or Enzyme Coating in the Preparation of β-Galactosidase
Magnetic CLEAs

The effect of adding galactose (competitive inhibitor) during cross-linking (immobili-
sation) and the heterogeneous biocatalyst coating with PEI were evaluated regarding the
activity and thermal stability of the heterogeneous biocatalysts. These techniques were
tested to obtain a better biocatalyst performance, reduce the loss of activity during the
immobilisation process and increase the half-life of the heterogeneous biocatalyst at 60 ◦C.

Since galactose is a reversible competitive inhibitor of β-galactosidase [40], this car-
bohydrate was added to the immobilization buffer at a concentration above its inhibition
constant (Ki = 15 mM [41]), to occupy the active sites of the enzymes during the cross-
linking step, preventing amino acid residues from these regions from participating in the
cross-linking reactions. The heterogeneous biocatalysts produced in the presence of the



Catalysts 2023, 13, 306 5 of 18

inhibitor were also cross-linked with a concentration of 1.5% glutaraldehyde, being called
mCLEA-GAL.

PEI, in turn, was added after the formation of mCLEAs (mCLEA-GLU-1.5), without
galactose, to cover the molecules with their branched chains, promoting a possible increase
on the thermal stability of the heterogeneous biocatalyst. These heterogeneous biocatalysts
were called mCLEA-PEI. Some reports have previously found success in applying PEI
coating on immobilised enzymes to enhance their stability, including β-galactosidase [42],
which is why this approach was tested in the present work.

Table 3 shows the immobilisation parameters for the heterogeneous biocatalysts pro-
duced with these changes compared to mCLEA-GLU-1.5.

Table 3. Effect of the presence of galactose or PEI coating on magnetic cross-linked enzyme aggre-
gates (mCLEAs) parameters of β-galactosidase: Immobilized enzyme activity (Atd) and Recovered
activity (Atr).

Sample Atd (U) Atr (%)

mCLEA-GLU-1.5 3.53 ± 0.36 32.33 ± 3.29
mCLEA-GAL 1.26 ± 0.29 11.58 ± 2.65
mCLEA-PEI 0.74 ± 0.02 6.78 ± 0.18

The recovered activity is a ratio between the activity of the heterogeneous biocatalyst and the theoretical activity.

It is noteworthy that high immobilisation yields (100%) were achieved under all
conditions, indicating that the protein of interest was precipitated entirely. In addition, the
biocatalysts showed similar behaviour regarding theoretical activity (10.9 U), as the ones
prepared in the absence of galactose or PEI. However, mCLEAs prepared in the presence of
galactose as an inhibitor (mCLEA-GAL) or coated with PEI (mCLEA-PEI) showed lower
recovered activity than mCLEA-GLU-1.5, reaching 11.58 and 6.78%, respectively. The
lower recovered activity may be due to the physical interference of the added components,
preventing an adequate performance of the cross-linking reactions in the case of galactose
or occupying the active sites and blocking the substrate access in the case of PEI.

Thermal stability tests were also carried out for these biocatalysts at 60 ◦C, and the
results are shown in Figure S2 (Supplementary Materials). Table 4 summarises the half-
lives and deactivation parameters. The half-life of mCLEA-GLU-1.5 was 2.3-fold higher
than the biocatalyst produced in the presence of the inhibitor (mCLEA-GAL). Moreover,
the half-life of mCLEA-GLU-1.5 was 4.5-fold higher than the PEI-coated heterogeneous
biocatalyst (mCLEA-PEI). These results show that both mCLEA-GAL and mCLEA-PEI also
performed worse than mCLEA-GLU-1.5 against thermal deactivation at 60 ◦C. Therefore,
these immobilisation alternatives were not further investigated.

Table 4. Sadana and Henley model parameters for thermal inactivation at 60 ◦C of free enzyme
and magnetic β-galactosidase CLEA biocatalysts produced with an inhibitor or subsequent coating
with PEI.

Sample R2 t1/2 (min) SF α Kd (min−1)

mCLEA-
GLU-1.5 0.96 26.57 1.19 0.03 0.03

mCLEA-
GAL 0.99 11.36 0.51 0.29 0.11

mCLEA-PEI 0.98 5.95 0.27 0.07 0.13
Free enzyme 0.97 22.24 - 0.06 0.03

The conditions employed for inactivation were 50 mM of potassium phosphate buffer (pH 6.6). R2 is the correlation
factor; t1/2 is the half-life of the enzyme. SF is the stability factor, a ratio between t1/2 of the heterogeneous
biocatalyst and t1/2 of the free enzyme; α represents the fraction of the enzyme or heterogeneous biocatalyst that
loses activity; Kd is the thermal inactivation constant.
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2.3. Preparation of β-Galactosidase Magnetic CLEAs Using Dextran-Aldehyde

The use of dextran-aldehyde (of approximately 450,000–650,000 Da) to prepare mCLEAs
of β-galactosidase (mCLEA-DEX) caused a significant increase in the heterogeneous biocat-
alyst activity (8.02 U) and recovered activity (73.66%), when compared to mCLEA-GLU-1.5,
as can be seen in Table 5. The mCLEAs-DEX activity was higher (2.3-fold) than that ob-
tained with glutaraldehyde as a cross-linking agent. Moreover, the use of glutaraldehyde
may have partially caused enzyme inactivation, as seen by the 32% recovered activity.

Table 5. Effect of the cross-linking agent on the magnetic cross-linked enzyme aggregates (mCLEAs)
parameters of β-galactosidase: Immobilized enzyme activity (Atd) and Recovered activity (Atr).

Sample Atd (U) Atr (%)

mCLEA-GLU-1.5 3.53 ± 0.36 32.33 ± 3.29
mCLEA-DEX 8.02 ± 3.79 73.66 ± 34.67

mCLEA-GLU-1.5 is prepared with 1.5% glutaraldehyde and mCLEA-DEX is prepared using dextran-aldehyde.
The recovered activity is a ratio between the activity of the heterogeneous biocatalyst and the theoretical activity.

As shown by Talekar et al. [27], the conformational flexibility of the enzyme decreases
with the formation of covalent bonds between glutaraldehyde and basic enzyme residues,
which also causes changes around the active site. Thus, one reason for the difference in
recovered activity observed in the present work is that the action of glutaraldehyde pro-
moted the formation of covalent bonds in lysine residues [26], critical for the correct spatial
conformation of the active site in β-galactosidase molecules, preventing the enzymatic
action of most of them. Although there are no lysine residues directly involved in the catal-
ysis mechanism of β-galactosidase, some residues close to the active site can influence the
molecule’s spatial conformation (Figure 1). Mateo et al. [43] also evaluated the effectiveness
of cross-linkers according to their molecular proportions, attesting that dextran-aldehyde,
due to its large dimensions, cannot react with residues from the active site of the enzymes,
resulting in high immobilisation yields and immobilized enzyme activities.
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Figure 1. Tridimensional visualization of Aspergillus oryzae β-galactosidase structure. The active site
is marked in orange, and the lysine residues are marked magenta. This model was obtained from
Protein Data Bank, under the access code 4IUG (https://www.rcsb.org/structure/4i.ug, accessed on
1 December 2022) [4], and modified on the software Chimera 1.16.

The thermostability of the immobilised enzyme mCLEA-DEX at 60 ◦C (Figure S3,
Supplementary Materials) was slightly lower than that of mCLEA-GLU-1.5, but very
similar (considering the experimental error) to the free enzyme. These results are probably
due to the higher flexibility of dextran when compared with glutaraldehyde [38]. The
Sadana and Henley deactivation model [44] was fitted to the experimental data, and model
parameters, as well as half-lives (t1/2), are summarised in Table 6. The half-life for the

https://www.rcsb.org/structure/4i.ug
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heterogeneous biocatalyst produced with dextran-aldehyde was lower than that of its
analogue with glutaraldehyde.

Table 6. Sadana and Henley model parameters for thermal inactivation at 60 ◦C of free enzyme and
magnetic β-galactosidase CLEA biocatalysts produced with glutaraldehyde and dextran-aldehyde.

Sample R2 t1/2 (min) SF α Kd (min−1)

mCLEA-
GLU-1.5 0.96 26.57 1.19 0.03 0.03

mCLEA-
DEX 0.99 15.87 0.71 0.10 0.05

Free enzyme 0.97 22.24 - 0.06 0.03

The conditions employed for inactivation were 50 mM of potassium phosphate buffer (pH 6.6). R2 is the correlation
factor; t1/2 is the half-life of the enzyme. SF is the stability factor, a ratio between t1/2 of the heterogeneous
biocatalyst and t1/2 of the free enzyme; α represents the fraction of the enzyme or heterogeneous biocatalyst that
loses activity; Kd is the thermal inactivation constant.

Since mCLEA-DEX presented higher values of immobilized enzyme Activity (Atd)
and recovered activity, and mCLEA-GLU-1.5 was better in terms of thermal stability at
60 ◦C, the two heterogeneous biocatalysts were chosen to further experiments.

2.4. Thermal Stabilities of mCLEAs at 50 ◦C

As tagatose production is conducted at 50 ◦C, the thermal stability of the two biocata-
lysts at this temperature was evaluated and a significant difference between the stabilities of
mCLEA-GLU-1.5 and mCLEA-DEX heterogeneous biocatalysts (Figure S4) was observed.
For comparison, the thermal stability of free enzyme was also investigated and presented
a slow drop in activity during the analysis. The mCLEA-DEX showed a slow decay
(t1/2 = 9.13 h or > 500 min) when compared to mCLEA-GLU-1.5 (t1/2 = 1.63 h or > 95 min),
with a half-life 5.6-fold higher, as shown in Table 7.

Table 7. Sadana and Henley model parameters for thermal inactivation at 50 ◦C of free enzyme and
magnetic β-galactosidase CLEA biocatalysts produced with glutaraldehyde and dextran-aldehyde.

Sample R2 t1/2 (min) SF A Kd (min−1)

mCLEA-
GLU-1.5 0.99 98 0.05 0.35 0.014

mCLEA-
DEX 0.95 548 0.26 0.05 0.0013

Free enzyme 0.99 2080 - 0.36 0.0007

The conditions employed for inactivation were 50 mM potassium phosphate buffer (pH 6.6). R2 is the correlation
factor; t1/2 is the half-life of the enzyme. SF is the stability factor, a ratio between t1/2 of the heterogeneous
biocatalyst and t1/2 of the free enzyme; α represents the fraction of the enzyme or heterogeneous biocatalyst that
loses activity; Kd is the thermal inactivation constant.

These results showed a different behaviour than that observed at 60 ◦C, indicating that
under milder conditions, the biocatalyst produced with dextran-aldehyde can guarantee
higher thermal stability to the enzyme molecules. Similar behaviours were presented by
Gaur et al. [45], comparing different methods of immobilisation of β-galactosidase, where
mCLEAs were only more stable than the enzyme immobilised in chitosan at one of the
three temperatures studied.

2.5. Kinetic Parameters of Lactose Hydrolysis Catalysed by the Different
β-Galactosidase Biocatalysts

The kinetics of lactose hydrolysis using the selected mCLEAs was studied using
different substrate concentrations to measure the initial rates of the enzymatic reaction.
Moreover, the effect of immobilisation on the enzyme’s affinity for the substrate was also
evaluated. Figure 2 shows the fitting of the Michaelis–Menten model to the experimental
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data. The kinetic parameters KM and Vmax were determined for the free enzyme and
immobilised by mCLEAs and the constants are shown in Table 8.
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Figure 2. Influence of Lactose concentration in the initial rate of hydrolysis catalysed by free and
immobilised β-galactosidase from Aspergillus oryzae. Reactions were carried out in potassium phos-
phate buffer (pH 6.6), with 0.1 mM MnCl2 as a cofactor, at 37 ◦C. The lines represent the non-linear fit
of the Michaelis–Menten model using Origin 8.5.

Table 8. Kinetic parameters for mCLEAs and free enzyme.

Sample R2 KM (mM) Vmax (mM·min−1)

mCLEA-GLU-1.5 0.99 167.42 ± 18.09 0.96 ± 0.06
mCLEA-DEX 0.91 86.78 ± 22.32 0.42 ± 0.05
Free enzyme 0.95 96.39 ± 18.41 0.65 ± 0.06

The reactions were conducted in lactose solutions prepared in potassium phosphate buffer, pH 6.6. R2 is the
correlation factor; KM is the Michaelis–Menten constant; Vmax is the maximum speed.

No significant difference between the KM of the mCLEA-DEX and the free enzyme was
observed (Table 8); however, the Vmax of the free enzyme was slightly higher. For mCLEA-
GLU-1.5, the KM value was considerably higher than that of the free enzyme, implying
that immobilisation with glutaraldehyde caused a reduction in the enzyme’s affinity for
lactose. This increase in the KM value between the free and immobilised enzymes, was also
reported by Li et al. [46] and Gaur et al. [45], who used glutaraldehyde in the preparation
of CLEAs of a β-galactosidase obtained from a metagenomic library and from Aspergillus
oryzae, respectively.

2.6. Bioconversion of Lactose into Glucose and Galactose

How CLEAs are prepared can affect pore size, which is usually quite small, causing
a reduction in substrate diffusion rate and an apparent decrease in enzyme activity [16].
Therefore, to evaluate if mass transfer limitations were impacting the reaction, lactose
hydrolysis was conducted and the performance of mCLEAs with the free enzyme was
compared. The more active (mCLEA-DEX) and the more stable biocatalysts at 60 ◦C
(mCLEA-GLU-1.5) were assayed. The hydrolysis was carried out in a reactor with 5 mL
of 164 mM lactose as substrate, and 0.3 g of mCLEA at 37 ◦C, pH 6.6 and the results of
conversion and productivity are presented in Figure 3.
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Figure 3. Enzymatic production of D-galactose and D-glucose catalysed by free and immobilised
β-galactosidase from Aspergillus oryzae (mCLEA-GLU-1.5, mCLEA-DEX) in potassium phosphate
buffer (pH 6.6), with 0.1 mM MnCl2 as a cofactor, at 37 ◦C. Substrate conversion (A) and Productivity
(B) are represented as a function of the reaction time. The initial concentration of lactose was 164 mM.
The reaction was carried out in a final volume of 5 mL using 0.3 g of mCLEA.

The free enzyme enables ~55% conversion of lactose into galactose in 3 h (productivity
of ~30 mMgalactose/h) and reaches ~60% conversion after 7 h (productivity of ~14 mM-
galactose/h). Lactose conversion similarly took place using both mCLEAs, being a delay in
conversion observed when compared to the free enzyme. During the first 1 h of analysis,
mCLEA-DEX allowed a higher conversion rate (~25% and productivity of ~40 mMgalac-
tose/h) compared to mCLEA-GLU-1.5 (~17% and productivity of ~28 mMgalactose/h).
However, a higher conversion (~64%) within the analysis time (7 h) was achieved using
mCLEA-GLU-1.5. The existence of some minor diffusion limitations using the mCLEAs
may explain the delay in conversion observed. Still, it does not compromise the use of
these biocatalysts since similar conversions (and productivities) were achieved at 7 h of the
essay. Indeed, the rates of reaction using the heterogeneous biocatalysts may be increased
by using higher enzyme concentrations. The higher amount of the immobilised enzyme
will compensate the delay in conversion and enhance productivity without impacting the
final cost of the process since the enzyme can be reused.

2.7. Immobilised Biocatalysts’ Operational Stability

In order to investigate the operational stability (reusability) of β-galactosidase mCLEAs,
repeated batches of lactose hydrolysis were carried out in a reactor using 0.5 g of biocatalyst
in 5 mL of 164 mM lactose substrate (Figure 4).

At the end of 10 cycles of operation, there was a difference between the enzymatic
activity presented by the mCLEA-GLU-1.5 and mCLEA-DEX biocatalysts. After 10 cycles,
mCLEA-DEX and mCLEA-GLU-1.5 retained, respectively, around 60% and 80% of their
initial activity, indicating the suitability of these heterogeneous biocatalyst for reuse. Similar
results with CLEAs of β-galactosidase produced with glutaraldehyde were obtained by Li
et al. [46] and Rai et al. [11], who also reached a residual activity close to 80% and >50%,
respectively, at the end of 10 cycles.

The operational stability of both immobilised β-galactosidase systems suggests that
they have a high potential for economic production in hydrolysis of lactose into glucose
and galactose.

2.8. Storage Stability at 4 ◦C

The storage stability of mCLEAs was investigated by storing samples in a refrigerator
(4 ◦C) for 10 weeks, and the results are shown in Figure 5. After 10 weeks, mCLEA-GLU-1.5
retained 100% of its activity. mCLEA-DEX, despite maintaining the relative activity in
the first weeks, showed a reduction in activity at the end of the storage period (week
10), retaining 63% of its activity. For comparison, the dialysed free enzyme was stored at
the same conditions and maintained 100% of its initial activity. Other methods authors
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reported high storage stability of immobilized β-galactosidase, as 79% when entrapped
in agar-agar after 30 days at 4 ◦C [47] and 85% when immobilized in synthesised silver
nanosupport after 60 days at 4 ◦C [48]. These results indicate the suitability of maintaining
the immobilised biocatalysts stored in cold for considerable periods without having an
expressive loss of activity.
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using lactose 164 mM (substrate).
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Figure 5. Storage stability of β-galactosidase from Aspergillus oryzae biocatalysts: mCLEA-GLU-1.5,
mCLEA-DEX and Free enzyme. Analysis conditions: 0.1 g of heterogeneous biocatalyst in 1 mL of
potassium phosphate buffer (pH 6.6), with 0.1 mM MnCl2 as a cofactor, at 37 ◦C. The activity was
obtained by reading the absorbance at 420 nm, for 2 min, by reacting 50 µL of the suspension in 2 mL
of 1.25 mM ONPG.

2.9. Structural Characterisation of mCLEA

The size and morphology of mCLEA-GLU-1.5 and mCLEA-DEX were evaluated by
SEM (scanning electron microscope), see Figure 6. Although these aggregates initially
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present a disorganised structure, this does not imply that there is no level of structural
organisation, since CLEAs are formed by proteins with a constant and well-defined three-
dimensional structure, whose conformation is maintained by the bifunctional (glutaralde-
hyde) or polyfunctional (dextran-aldehyde) agents [49].
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Figure 6. Electron microscopy of mCLEA-GLU-1.5 (a) and mCLEA-DEX (b), using 10,000×
magnification.

According to Figure 6, mCLEAs have an amorphous structure, rough surface, hetero-
geneous morphology and mean aggregate diameter of approximately 10 µm. Similarly to
what was described by other authors [11], a porous mesh-like architecture is observed for
both heterogeneous biocatalysts. In addition, the microscopic structure of mCLEA-DEX has
fewer void spaces between particles, while mCLEA-GLU-1.5 has higher spaces. Magnetic
nanoparticles, when seen in SEM images, appear as small bright parts [49]. Still, they were
not identified in Figure 6, possibly due to the cross-linking process that kept them together
by covalent bonding.

The FTIR spectra are shown in Figure 7, and the band might identify the presence
of magnetite (Fe3O4) cross-linking at 531 cm−1 attributed to the Fe-O deformation [50].
The characteristic bands of magnetite (Fe3O4) remained present in the FTIR spectra of the
different CLEAs, which were obtained with different cross-linkers. Still, a sharper peak
was observed when the dextran-aldehyde cross-linker was used.
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Comparing the FTIR spectra of mCLEA-GLU and mCLEA-DEX, it is observed that
the band 2934 cm−1 represents the CH alkane stretch and the band of 1650 cm−1 refers to
the characteristic a C=O, which is related to the insertion of aldehyde groups by oxidation
with periodate and cross-linking with glutaraldehyde [49–54]. In the mCLEA-DEX spectra,
the band 1088 cm−1 corresponds to the asymmetric stretching of the C-O-C bond of the
dextran glycoside ring.

The peaks obtained between 3000 and 3500 cm−1 are associated with the vibration
mode of O-H and N-H bonds, which are groups present in β-galactosidase. Also on
the enzyme structure, the protein segments show a β-sheet conformation and might be
correlated with the 1650 cm−1 band and those with helical structures with the 1658 cm−1

band [54].

2.10. Lactose Bioconversion into Tagatose by Immobilised β-Galactosidase and
L-Arabinose Isomerase

The performance of mCLEAs ofβ-galactosidase from Aspergillus oryzae and L-arabinose
isomerase from Enterococcus faecium [24] in converting lactose into D-tagatose, by a two-step
reaction, was studied. The strategy to use sequential reactors (and not combined biocata-
lysts) was based on the results obtained when the mixed free enzymes were assayed for
lactose hydrolysis (164 or 450 mM) plus galactose isomerisation. When 450 mM of lactose
was assayed, the mixed free enzymes showed ∼70% lactose conversion and ∼2% yield of
D-tagatose at 6 h. At 24 h, lactose was almost completely hydrolysed (∼93%) achieving only
∼6% yield of D-tagatose. No tagatose was produced when the initial lactose concentration
was 164 mM. The production of tagatose from galactose is limited by the unfavourable ther-
modynamic equilibrium between products and substrates, which can be shifted by adding
high substrate (galactose) concentrations at the beginning of the isomerisation reaction.
Therefore, in this work, two bioreactors were used for the hydrolysis of lactose into glucose
and galactose (reactor 1), and the subsequent conversion of galactose to tagatose (reactor 2).

In the first step, lactose (164 mM) was hydrolysed by immobilised β-galactosidase
(m-CLEA-DEX) into galactose and glucose (step 1), resulting in 100% conversion within
24 h. Thereafter, galactose was isomerised by immobilised L-arabinose isomerase (m-
CLEA-LAI) to produce D-tagatose (step 2), reaching ∼10% and 13% of conversion into
D-tagatose (Figure 8) in 6 h and 24 h of reaction, respectively. Other authors [11] have
studied the production of D-tagatose from lactose using a combined immobilised mCLEA
(β-galactosidase and L-AI) and they observed that the yield was improved to ∼8% (at 6h)
and ∼25% (at 24 h) when compared to the simultaneous use of the free enzymes (mixed
β-Gal + L-AI), that showed ∼5% (at 6h) and ∼15% (at 24 h) yield. They attribute this
increase in yield to a substrate channelling phenomenon in the cascade reaction when the
Combi-mCLEA was used as biocatalyst.
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Figure 8. Bioconversion of lactose into D-tagatose, at pH 6.6: (A) simultaneous lactose hydrolysis and
tagatose synthesis using free enzymes (mixed β-Gal + L-AI) at 50 ◦C and pH 6.6 and (B) Sequential
lactose hydrolysis (first bioreactor) catalysed by mCLEA-DEX at 37 ◦C and pH 6.6 and galactose
isomerisation 50 ◦C (second bioreactor) catalysed by mCLEA-LAI.
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3. Materials and Methods
3.1. Synthesis and Cross-Linking of Magnetic Nanoparticles (MNP) with APTES

The magnetite synthesis was conducted as described by Bezerra et al. [55], with
modifications. Initially, ferric chloride (FeCl3·6H2O) and ferrous sulphate (FeSO4·7H2O)
were dissolved in ultrapure water (Milli-Q, Millipore, Burlington, MA, USA), previously
acidified with 5% HCl (pH 3.0–4.0), under magnetic stirring during 30 min. The process
also followed the steps described by Sousa et al. [24], by stirring the aqueous solution while
adding ammonium hydroxide (NH4OH). The functionalisation procedure followed the
same methodology, adding 3-aminopropyl triethoxysilane (APTES) to the nanoparticles.

3.2. Production of Magnetic Cross-Linked Enzyme Aggregates (mCLEA) of β-Galactosidase

The β-galactosidase used in these experiments was produced by Aspergillus oryzae,
purchased in lyophilised form from Sigma Aldrich (St. Louis, MO, USA). There were no
additional treatments for the enzyme before immobilisation experiments.

As previously described by Gaur et al. [45], to produce heterogeneous biocatalysts
using glutaraldehyde as a cross-linking agent, 0.020 g of β-galactosidase was dissolved
in 1 mL of 0.1 M potassium phosphate buffer, pH 7.0 (immobilisation buffer), and the
solution was kept in an ice bath under magnetic stirring. For the biocatalyst mCLEA-GAL,
164 mM galactose was added to the buffer. 0.550 g of ammonium sulphate was added to
the solution, followed by 1 mL of ammonium sulphate solution at 55% w/v. Then, 0.020 g
of magnetic nanoparticles was added to the solution, followed by glutaraldehyde (25%),
kept under constant stirring for 16 h in an ice bath. The amount of glutaraldehyde added
changed according to the biocatalyst: 50 µL, 80 µL or 120 µL was added to form mCLEA-
GLU-0.6, mCLEA-GLU-1 and mCLEA-GLU-1.5, respectively. To prepare mCLEA-GAL
and mCLEA-PEI, 120 µL of glutaraldehyde was added. Next, the solid was washed using
the immobilisation buffer, followed by centrifugation, at 5000 rpm for 15 min, all at 4 ◦C.
The heterogeneous biocatalyst mCLEA-PEI was yet put under rotation stirring in 10%
polyethyleneimine (PEI) solution for 5 h.

To prepare dextran-aldehyde, 1.00 g of dextran (MW 450,000–650,000) supplied by
Sigma Adrich (St. Louis, MO, USA), was dissolved in 30.35 mL of ultrapure water, and
oxidised with 2.3373 g of sodium periodate, for 90 min at 25 ◦C under magnetic stirring.
The solution was dialysed 5 times using 5 L of water, each dialysis lasting 2 h, to obtain the
final dextran-aldehyde solution. As previously performed by Mateo et al. [43], with some
changes, 0.0200 g of β-galactosidase was dissolved in 1 mL of 500 mM potassium phosphate
buffer pH 8.0, keeping the solution under stirring and in an ice bath. 0.5500 g of ammonium
sulphate was added to the solution, followed by 1 mL of ammonium sulphate solution
at 55% w/v. Then, 0.0200 g of magnetic nanoparticles and 2 mL of the dextran-aldehyde
solution were added and kept under agitation in an ice bath for 16 h. Subsequently, washes
were followed by centrifugations, at 5000 rpm for 15 min, and then for 10 min, all at 4 ◦C,
resulting in a suspension of mCLEA-DEX heterogeneous biocatalysts.

3.3. Activity Assays and Determination of Immobilisation Parameters

The free enzyme solution was obtained by resuspending 0.020 g of β-galactosidase in
2 mL of 50 mM potassium phosphate buffer, pH 6.6, with 0.1 mM MnCl2 (activity buffer).
The activity was obtained by reacting 25 µL of the enzymatic solution in 2 mL of 1.25 mM
o-nitrophenyl β-D-galactopyranoside (ONPG, calculated ε = 4.53 mL/(U×cm×min)) for
2 min, monitoring the absorbance at 420 nm during the process [56]. For the immobilised
β-galactosidase, 0.1 g was resuspended in 1 mL of 50 mM potassium phosphate buffer
supplemented with 0.1 mM MnCl2, pH 6.6. The activity was obtained by reading the
absorbance at 420 nm, for 2 min, by reacting 50 µL of the enzyme suspension in 2 mL of
1.25 mM ONPG. One unit (U) of enzyme activity was defined as the amount of enzyme
required to produce one µmol of product per minute under the reaction conditions.

For the immobilised L-arabinose isomerase, activity was determined according to
Sousa et al. [24].
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The immobilisation parameters were calculated according to Sousa et al. [24]. Immobil-
isation yield (IY) is the percentage of enzyme activity (free enzyme) that was immobilised
and recovered activity (Atr) is the percentage of the immobilised enzyme that remains
active in the biocatalyst.

3.4. Thermal Stability of Immobilised and Free Biocatalysts

The thermal stability of β-galactosidase at 60 ◦C was determined as previously de-
scribed by Freitas et al. [56]. Briefly, 2 mL of activity buffer was previously maintained
at 60 ◦C, to which 200 mg of immobilised biocatalysts or free enzyme solution were sub-
sequently added and incubated. Samples (0, 5, 15, 30 and 60 min) were withdrawn, and
residual activity was determined. The Sadana and Henley [44] enzyme deactivation model
was fitted to the experimental data of residual activity using the software OriginPro 8.5.
The model parameters were used to determine the half-lives of heterogeneous biocatalysts
and the free enzyme. The thermal stability at 50 ◦C of mCLEA-GLU-1.5 and mCLEA-DEX
was performed in a similar way, using 2 mL of the activity buffer previously heated to
50 ◦C.

3.5. Enzymatic Kinetics

The kinetic parameters, maximum speed (Vmax) and Michaelis–Menten constant (KM),
of the heterogeneous biocatalysts (mCLEA-GLU-1.5 and mCLEA-DEX) and the free enzyme
were calculated for the hydrolysis of lactose. The reaction was conducted for 60 min, using
increasing concentrations (5, 10, 15, 20, 30, 50, 100 and 200 mM) of the substrate, as
previously described by Li et al. [46], with modifications. 0.025 g of immobilised enzyme
(mCLEA) in 250 µL of lactose solution was used, while to free enzyme, 650 µL of the
dialysed solution of β-galactosidase was added to 850 µL of lactose solution. The glucose
concentration resulting from the hydrolysis was determined using the Bioclin® glucose kit
(Quibasa, Belo Horizonte, Brazil).

3.6. Lactose Hydrolysis Assay

The lactose hydrolysis assay was performed as previously described [57], with modi-
fications. Amounts of 5 mL of a 164 mM lactose solution and 0.2942 g of heterogeneous
biocatalyst (mCLEA-GLU-1.5 or mCLEA-DEX) were added to a bench reactor, maintained
at 37 ◦C and under constant mechanical stirring. Samples were withdrawn for up to 24 h of
reaction to measure lactose hydrolysis into galactose and glucose. Glucose, a product of the
reaction, was determined with the Bioclin® Glucose Kit (Quibasa, Minas Gerais, Brazil).

3.7. Operational Stability of Immobilised Biocatalysts

To determine the operational stability of the biocatalysts, mCLEA-GLU-1.5 and mCLEA-
DEX were used to catalyse subsequent batches of lactose hydrolysis at 37 ◦C and pH 6.6.
The lactose concentration in each cycle was 164 mM, and the volume was 5 mL. Each
cycle lasted 60 min, and the initial mass of the heterogeneous biocatalyst was 0.53 g. At
the end of each cycle, the biocatalyst was recovered with a magnet and washed with
5 mM sodium acetate buffer (pH 5.6) to remove the unreacted remaining substrate and
products. Glucose concentration was measured using the Bioclin® glucose kit (Quibasa,
Belo Horizonte, Brazil).

3.8. Storage Stability of Immobilised and Free Biocatalysts

Suspensions of 0.1 g of mCLEA-GLU-1.5 and mCLEA-DEX in 1 mL of activity buffer,
as well as 1 mL of dialysed free enzyme, were kept at 4 ◦C. Samples were taken to measure
the activity (ONPG hydrolysis) of these biocatalysts after 0, 2, 6 and 10 weeks of storage.

3.9. Structural Characterisation of mCLEA

Scanning electron microscopy (SEM) analysis of mCLEAs was performed on a Quanta
FEG 450 microscope (FEI, Hillsboro, OR, USA) operated at 20 kV and 0.7 torr, according
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to the methodology described by Ferreira et al. [58]. The samples were deposited on
a carbon tape and metallised with gold by the Quorum QT150ES Metallizer (Quorum,
Laughton, UK). Fourier transmission infrared (FTIR) spectroscopy analysis of mCLEAs
was also performed using the 670-IR FTIR equipment (Varian; Mulgrave, Australia) [59].
The biocatalysts were ground and pelleted with KBr (1:100, w/w), followed by uniaxially
pressure, being evaluated in a wavelength range of 4000–400 cm−1 with a resolution of
4 cm−1.

3.10. Lactose Bioconversion to Tagatose by Immobilised β-Galactosidase and L-Arabinose Isomerase

β-galactosidase and L-arabinose isomerase were evaluated to produce D-tagatose
from lactose, a cascade reaction. First, the two-step cascade reaction was carried out using
a combined mixture of the free enzymes, β-Galactosidase (0.6 U/mL) and L-AI (0.6 U/mL),
in 5 mL sodium phosphate buffer (50 mM, pH 6.6) containing 164 or 450 mM of lactose and
in the presence of 1 mM Mn2+ at 50 ◦C. Samples were withdrawn at regular intervals, and
the amount of galactose and D-tagatose produced were determined.

The sequential application was catalysed by the immobilized enzymes and consisted
of the first step, lactolysis at 37 ◦C and pH 6.6 (bioreactor 1), using an immobilised β-
galactosidase (mCLEA-DEX), followed by isomerisation of D-galactose in D-tagatose at
50 ◦C and pH 6.6 by the immobilised L-arabinose isomerase (mCLEA-LAI) (bioreactor 2).
The batch process was initiated by adding 164 mM of lactose as substrate to the bioreactor
1 and the immobilised heterogeneous biocatalyst (0.3 g of mCLEA-DEX). After 24 h, the
mCLEA-DEX was removed and the resulting reactional media, containing products was
equilibrated to 50 ◦C. Next, 0.8 g of mCLEA-LAI was added to the bioreactor to produce
D-tagatose.

Productivity was expressed in terms of carbohydrates (galactose or D-tagatose). For
the first reaction, glucose using the Bioclin® glucose kit (Quibasa, Belo Horizonte, Brazil).
For the isomerization, D-tagatose was determined via the cysteine-carbazole sulfuric acid
method [24].

4. Conclusions

The immobilisation of β-galactosidase into magnetic CLEAs was successfully carried
out using either glutaraldehyde or dextran-aldehyde as a cross-linking agent. The recov-
ered activity was a crucial parameter and mCLEA-DEX showed a high value (>73.6%).
Regarding thermal stability, each heterogeneous biocatalyst stood out at a different tem-
perature, mCLEA-DEX performed better than mCLEA-GLU-1.5 at 50 ◦C and the opposite
happened at 60 ◦C. Furthermore, both heterogeneous biocatalysts performed lactose hydrol-
ysis similarly to the free enzyme but maintained high stability over storage and reusability.
Moreover, the capability of obtaining the rare sugar D-tagatose from galactose produced by
lactose hydrolysis catalysed by mCLEA-DEX was also attested. Therefore, mCLEA-GLU-1.5
and mCLEA-DEX were selected as promising biocatalysts in the dairy industry.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/catal13020306/s1, Figure S1: Thermal deactivation at 60 ◦C of
heterogeneous biocatalysts produced in different glutaraldehyde concentrations and of the dialyzed
free enzyme, in terms of activity, relative to the initial, by time, in minutes. The reactions took place
in potassium phosphate buffer, pH 6.6; Figure S2: Thermal deactivation at 60 ◦C of the dialyzed
free enzyme, and heterogeneous biocatalysts produced with a crosslinker concentration of 1.5%,
including immobilization with an inhibitor and coating of heterogeneous biocatalyst, in terms of
activity, relative to the initial for time in minutes. The reactions took place in a potassium phosphate
buffer, pH 6.6; Figure S3: Thermal deactivation at 60 ◦C of heterogeneous biocatalysts produced
with glutaraldehyde and dextran-aldehyde and of the dialyzed free enzyme, in terms of the activity
relative to the initial by time in minutes. The reactions took place in a potassium phosphate buffer,
pH 6.6; Figure S4: Thermal deactivation at 50 ◦C of immobilized β-galactosidase produced with
glutaraldehyde and with dextran-aldehyde and the dialyzed free enzyme, in terms of relative activity
by time in minutes. The reactions took place in a potassium phosphate buffer, pH 6.6.
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22. Primožič, M.; Kravanja, G.; Knez, Ž.; Crnjac, A.; Leitgeb, M. Immobilized Laccase in the Form of (Magnetic) Cross-Linked Enzyme
Aggregates for Sustainable Diclofenac (Bio)Degradation. J. Clean. Prod. 2020, 275, 124121. [CrossRef]

23. Hu, Q.; Chen, G.; Han, J.; Wang, L.; Cui, X.; Wang, P.; Chang, C.; Fu, Q. Determination of Sarcosine Based on Magnetic
Cross-Linked Enzyme Aggregates for Diagnosis of Prostate Cancer. Biochem. Eng. J. 2021, 172, 108039. [CrossRef]

24. de Sousa, M.; Silva Gurgel, B.; Pessela, B.C.; Gonçalves, L.R.B. Preparation of CLEAs and Magnetic CLEAs of a Recombinant
L-Arabinose Isomerase for D-Tagatose Synthesis. Enzym. Microb. Technol. 2020, 138, 109566. [CrossRef]

25. Ballantyne, B.; Jordan, S.L. Toxicological, Medical and Industrial Hygiene Aspects of Glutaraldehyde with Particular Reference to
Its Biocidal Use in Cold Sterilization Procedures. J. Appl. Toxicol. 2001, 21, 131–151. [CrossRef] [PubMed]

26. Barbosa, O.; Ortiz, C.; Berenguer-Murcia, Á.; Torres, R.; Rodrigues, R.C.; Fernandez-Lafuente, R. Glutaraldehyde in Bio-Catalysts
Design: A Useful Crosslinker and a Versatile Tool in Enzyme Immobilization. RSC Adv. 2013, 4, 1583–1600. [CrossRef]

27. Talekar, S.; Joshi, A.; Joshi, G.; Kamat, P.; Haripurkar, R.; Kambale, S. Parameters in Preparation and Characterization of Cross
Linked Enzyme Aggregates (CLEAs). RSC Adv. 2013, 3, 12485–12511. [CrossRef]

28. Sheldon, R.A. Characteristic Features and Biotechnological Applications of Cross-Linked Enzyme Aggregates (CLEAs). Appl.
Microbiol. Biotechnol. 2011, 92, 467–477. [CrossRef]

29. Russell, A.D. Glutaraldehyde: Current Status and Uses. Infect. Control Hosp. Epidemiol. 1994, 15, 724–733. [CrossRef]
30. Satar, R.; Jafri, M.A.; Rasool, M.; Ansari, S.A. Role of Glutaraldehyde in Imparting Stability to Immobilized β-Galactosidase

Systems. Braz. Arch. Biol. Technol. 2018, 60, 17160311. [CrossRef]
31. Veneranda, M.; Hu, Q.; Wang, T.; Luo, Y.; Castro, K.; Madariaga, J.M. Formation and Characterization of Zein-Caseinate-Pectin

Complex Nanoparticles for Encapsulation of Eugenol. LWT 2018, 89, 596–603. [CrossRef]
32. Ruszkowski, J.; Witkowski, J.M. Lactulose: Patient- and Dose-Dependent Prebiotic Properties in Humans. Anaerobe 2019,

59, 100–106. [CrossRef] [PubMed]
33. Wang, X.; Xiong, Y.L. Oxidative Polyaldehyde Production: A Novel Approach to the Conjugation of Dextran with Soy Peptides

for Improved Emulsifying Properties. J. Food Sci. Technol. 2016, 53, 3215–3224. [CrossRef]
34. Oliver, S.; Yee, E.; Kavallaris, M.; Vittorio, O.; Boyer, C. Water Soluble Antioxidant Dextran-Quercetin Conjugate with Potential

Anticancer Properties. Macromol. Biosci. 2018, 18, 1700239. [CrossRef] [PubMed]
35. Diana, C.R.; Humberto, H.S.; Jorge, Y.F. Structural Characterization and Rheological Properties of Dextran Produced by Native

Strains Isolated of Agave salmiana. Food Hydrocoll. 2019, 90, 1–8. [CrossRef]
36. Fernandez-Lafuente, R. Stabilization of Multimeric Enzymes: Strategies to Prevent Subunit Dissociation. Enzym. Microb. Technol.

2009, 45, 405–418. [CrossRef]
37. Rueda, N.; dos Santos, J.C.S.; Ortiz, C.; Torres, R.; Barbosa, O.; Rodrigues, R.C.; Berenguer-Murcia, Á.; Fernandez-Lafuente, R.

Chemical Modification in the Design of Immobilized Enzyme Biocatalysts: Drawbacks and Opportunities. Chem. Rec. 2016,
16, 1436–1455. [CrossRef]

38. Tacias-Pascacio, V.G.; Ortiz, C.; Rueda, N.; Berenguer-Murcia, Á.; Acosta, N.; Aranaz, I.; Civera, C.; Fernandez-Lafuente, R.;
Alcántara, A.R. Dextran Aldehyde in Biocatalysis: More Than a Mere Immobilization System. Catalysts 2019, 9, 622. [CrossRef]

39. Hojnik Podrepšek, G.; Knez, Z.; Leitgeb, M. The Synthesis of (Magnetic) Crosslinked Enzyme Aggregates with Laccase, Cellulase,
β-Galactosidase and Transglutaminase. Front. Bioeng. Biotechnol. 2022, 10, 147. [CrossRef]

40. Portaccio, M.; Stellato, S.; Rossi, S.; Bencivenga, U.; Mohy Eldin, M.S.; Gaeta, F.S.; Mita, D.G. Galactose Competitive Inhibition of
β-Galactosidase (Aspergillus oryzae) Immobilized on Chitosan and Nylon Supports. Enzym. Microb. Technol. 1998, 23, 101–106.
[CrossRef]

41. Shukla, H.; Chaplin, M. Nocompetitive Inhibition of β-Galactosidase (A. oryzae) by Galactose. Enzym. Microb. Technol. 1993,
15, 297–299. [CrossRef]

42. Júnior, A.A.D.T.; Ladeira, Y.F.X.; França, A.D.S.; Souza, R.O.M.A.D.; Moraes, A.H.; Wojcieszak, R.; Itabaiana, I., Jr.; Miranda,
A.S.D. Multicatalytic Hybrid Materials for Biocatalytic and Chemoenzymatic Cascades—Strategies for Multicatalyst (Enzyme)
Co-Immobilization. Catalysts 2021, 11, 936. [CrossRef]

43. Mateo, C.; Palomo, J.M.; Van Langen, L.M.; Van Rantwijk, F.; Sheldon, R.A. A New, Mild Cross-Linking Methodology to Prepare
Cross-Linked Enzyme Aggregates. Biotechnol. Bioeng. 2004, 86, 273–276. [CrossRef] [PubMed]

44. Sadana, A.; Henley, J.P. Single-Step Unimolecular Non-First-Order Enzyme Deactivation Kinetics. Biotechnol. Bioeng. 1987,
30, 717–723. [CrossRef]

45. Gaur, R.; Pant, H.; Jain, R.; Khare, S.K. Galacto-Oligosaccharide Synthesis by Immobilized Aspergillus oryzae β-Galactosidase. Food
Chem. 2006, 97, 426–430. [CrossRef]

http://doi.org/10.3390/catal9030261
http://doi.org/10.3390/catal9110914
http://doi.org/10.1016/j.jssc.2018.11.003
http://doi.org/10.1016/j.jclepro.2020.124121
http://doi.org/10.1016/j.bej.2021.108039
http://doi.org/10.1016/j.enzmictec.2020.109566
http://doi.org/10.1002/jat.741
http://www.ncbi.nlm.nih.gov/pubmed/11288136
http://doi.org/10.1039/C3RA45991H
http://doi.org/10.1039/c3ra40818c
http://doi.org/10.1007/s00253-011-3554-2
http://doi.org/10.2307/30148340
http://doi.org/10.1590/1678-4324-2017160311
http://doi.org/10.1016/j.lwt.2017.11.040
http://doi.org/10.1016/j.anaerobe.2019.06.002
http://www.ncbi.nlm.nih.gov/pubmed/31176002
http://doi.org/10.1007/s13197-016-2296-7
http://doi.org/10.1002/mabi.201700239
http://www.ncbi.nlm.nih.gov/pubmed/29411934
http://doi.org/10.1016/j.foodhyd.2018.11.052
http://doi.org/10.1016/j.enzmictec.2009.08.009
http://doi.org/10.1002/tcr.201600007
http://doi.org/10.3390/catal9070622
http://doi.org/10.3389/fbioe.2022.813919
http://doi.org/10.1016/S0141-0229(98)00018-0
http://doi.org/10.1016/0141-0229(93)90153-S
http://doi.org/10.3390/catal11080936
http://doi.org/10.1002/bit.20033
http://www.ncbi.nlm.nih.gov/pubmed/15083507
http://doi.org/10.1002/bit.260300604
http://doi.org/10.1016/j.foodchem.2005.05.020


Catalysts 2023, 13, 306 18 of 18

46. Li, L.; Li, G.; Cao, L.C.; Ren, G.H.; Kong, W.; Wang, S.D.; Guo, G.S.; Liu, Y.H. Characterization of the Cross-Linked Enzyme
Aggregates of a Novel β-Galactosidase, a Potential Catalyst for the Synthesis of Galacto-Oligosaccharides. J. Agric. Food Chem.
2015, 63, 894–901. [CrossRef]

47. Maity, M.; Bhattacharyya, A.; Bhowal, J. Production and Immobilization of β-Galactosidase Isolated from Enterobacter Aerogenes
KCTC2190 by Entrapment Method Using Agar-Agar Organic Matrix. Appl. Biochem. Biotechnol. 2021, 193, 2198–2224. [CrossRef]

48. Shafi, A.; Ahmed, F.; Husain, Q. β-Galactosidase Mediated Synthesized Nanosupport for the Immobilization of Same Enzyme:
Its Stability and Application in the Hydrolysis of Lactose. Int. J. Biol. Macromol. 2021, 184, 57–67. [CrossRef]

49. Kopp, W.; Silva, F.A.; Lima, L.N.; Masunaga, S.H.; Tardioli, P.W.; Giordano, R.C.; Araújo-Moreira, F.M.; Giordano, R.L.C. Synthesis
and Characterization of Robust Magnetic Carriers for Bioprocess Applications. Mater. Sci. Eng. B 2015, 193, 217–228. [CrossRef]

50. De França Serpa, J.; Matias, G.A.B.; Fechine, P.B.A.; da Costa, V.M.; Freire, R.M.; Denardin, J.C.; Gonçalves, L.R.B.; de Macedo,
A.C.; Rocha, M.V.P. New Nanocomposite Made of Cashew Apple Bagasse Lignin and Fe3O4 for Immobilizing of Lipase B from
Candida antarctica Aiming at Esterification. J. Chem. Technol. Biotechnol. 2021, 96, 2472–2487. [CrossRef]

51. Dos Santos, K.P.; Rios, N.S.; Labus, K.; Gonçalves, L.R.B. Co-immobilization of lipase and laccase on agarose-based supports via
layer-by-layer strategy: effect of diffusional limitations. Biochem. Eng. J. 2022, 185, 108533. [CrossRef]

52. Liu, X.; Wang, L.; Song, X.; Song, H.; Zhao, J.R.; Wang, S. A Kinetic Model for Oxidative Degradation of Bagasse Pulp Fiber by
Sodium Periodate. Carbohydr. Polym. 2012, 90, 218–223. [CrossRef] [PubMed]

53. Sun, B.; Hou, Q.; Liu, Z.; Ni, Y. Sodium Periodate Oxidation of Cellulose Nanocrystal and Its Application as a Paper Wet Strength
Additive. Cellulose 2015, 22, 1135–1146. [CrossRef]

54. Perissinato, A.G.; Garcia, J.S.; Trevisan, M.G. Determination of β-Galactosidase in Tablets by Infrared Spectroscopy. Chem. Pap.
2017, 71, 171–176. [CrossRef]

55. Bezerra, R.M.; Neto, D.M.A.; Galvão, W.S.; Rios, N.S.; Carvalho, A.C.L.D.M.; Correa, M.A.; Bohn, F.; Fernandez-Lafuente, R.;
Fechine, P.B.A.; de Mattos, M.C.; et al. Design of a Lipase-Nano Particle Biocatalysts and Its Use in the Kinetic Resolution of
Medicament Precursors. Biochem. Eng. J. 2017, 125, 104–115. [CrossRef]

56. de Freitas, M.d.F.M.; Hortêncio, L.C.; de Albuquerque, T.L.; Rocha, M.V.P.; Gonçalves, L.R.B. Simultaneous Hydrolysis of Cheese
Whey and Lactulose Production Catalyzed by β-Galactosidase from Kluyveromyces Lactis NRRL Y1564. Bioprocess Biosyst. Eng.
2020, 43, 711–722. [CrossRef] [PubMed]

57. Lima, A.F.; Cavalcante, K.F.; De Freitas, M.D.F.M.; Rodrigues, T.H.S.; Rocha, M.V.P.; Gonçalves, L.R.B. Comparative Biochemical
Characterization of Soluble and Chitosan Immobilized β-Galactosidase from Kluyveromyces Lactis NRRL Y1564. Process Biochem.
2013, 48, 443–452. [CrossRef]

58. Ferreira, P.F.O.; Pereira, A.L.S.; Rosa, M.F.; de Santiago-Aguiar, R.S. Lignin-Rich Cellulose Nanocrystals from Coir Fiber Treated
with Ionic Liquids: Preparation and Evaluation as Pickering Emulsifier. Ind. Crops Prod. 2022, 186, 115119. [CrossRef]

59. Vasconcelos, N.F.; Feitosa, J.P.A.; da Gama, F.M.P.; Morais, J.P.S.; Andrade, F.K.; de Souza Filho, M.D.S.M.; Rosa, M.D.F. Bacterial
Cellulose Nanocrystals Produced under Different Hydrolysis Conditions: Properties and Morphological Features. Carbohydr.
Polym. 2017, 155, 425–431. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1021/jf504473k
http://doi.org/10.1007/s12010-021-03534-8
http://doi.org/10.1016/j.ijbiomac.2021.06.034
http://doi.org/10.1016/j.mseb.2014.12.002
http://doi.org/10.1002/jctb.6770
http://doi.org/10.1016/j.bej.2022.108533
http://doi.org/10.1016/j.carbpol.2012.05.027
http://www.ncbi.nlm.nih.gov/pubmed/24751033
http://doi.org/10.1007/s10570-015-0575-5
http://doi.org/10.1007/s11696-016-0107-2
http://doi.org/10.1016/j.bej.2017.05.024
http://doi.org/10.1007/s00449-019-02270-y
http://www.ncbi.nlm.nih.gov/pubmed/31932907
http://doi.org/10.1016/j.procbio.2013.02.002
http://doi.org/10.1016/j.indcrop.2022.115119
http://doi.org/10.1016/j.carbpol.2016.08.090

	Introduction 
	Results and Discussion 
	Preparation of -Galactosidase Magnetic CLEAs Using Different Glutaraldehyde Concentrations 
	Effects of the Presence of an Inhibitor or Enzyme Coating in the Preparation of -Galactosidase Magnetic CLEAs 
	Preparation of -Galactosidase Magnetic CLEAs Using Dextran-Aldehyde 
	Thermal Stabilities of mCLEAs at 50 C 
	Kinetic Parameters of Lactose Hydrolysis Catalysed by the Different -Galactosidase Biocatalysts 
	Bioconversion of Lactose into Glucose and Galactose 
	Immobilised Biocatalysts’ Operational Stability 
	Storage Stability at 4 C 
	Structural Characterisation of mCLEA 
	Lactose Bioconversion into Tagatose by Immobilised -Galactosidase and L-Arabinose Isomerase 

	Materials and Methods 
	Synthesis and Cross-Linking of Magnetic Nanoparticles (MNP) with APTES 
	Production of Magnetic Cross-Linked Enzyme Aggregates (mCLEA) of -Galactosidase 
	Activity Assays and Determination of Immobilisation Parameters 
	Thermal Stability of Immobilised and Free Biocatalysts 
	Enzymatic Kinetics 
	Lactose Hydrolysis Assay 
	Operational Stability of Immobilised Biocatalysts 
	Storage Stability of Immobilised and Free Biocatalysts 
	Structural Characterisation of mCLEA 
	Lactose Bioconversion to Tagatose by Immobilised -Galactosidase and L-Arabinose Isomerase 

	Conclusions 
	References

