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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• One-step purification and targeted 
immobilization process of a 
β-galactosidase. 

• These bioprocesses were carried out 
efficiently on the magnetic cellulose 
supports. 

• Derivatives showed a typical response of 
a predominantly superparamagnetic 
system. 

• Immobilization process on magnetic 
supports increased the enzyme thermal 
stability. 

• The materials used in the immobiliza
tion processes did not show a cytotoxic 
effect.  
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A B S T R A C T   

For the first time, this work reported the one-step purification and targeted immobilization process of a 
β-galactosidase (Gal) with the Cellulose Binding Domain (CBD) tag, by binding it to different magnetic cellulose 
supports. The process efficiency after β-galactosidase-CBD immobilization on magnetic cellulose-based supports 
showed values of approximately 90% for all evaluated enzymatic loads. Compared with free Gal, derivatives 
showed affinity values between β-galactosidase and the substrate 1.2 × higher in the lactose hydrolysis of milk. 
β-Galactosidase-CBD’s oriented immobilization process on supports increased the thermal stability of the 
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immobilized enzyme by up to 7 × . After 15 cycles of reuse, both enzyme preparations showed a relative hy
drolysis percentage of 50% of lactose in milk. The oriented immobilization process developed for purifying re
combinant proteins containing the CBD tag enabled the execution of both steps simultaneously and quickly and 
the obtention of β-galactosidases with promising catalytic characteristics for application in the food and phar
maceutical industries.   

1. Introduction 

Tag-oriented immobilization processes enable obtaining high- 
stability biocatalysts, increased catalytic activation, reduced enzy
matic activity inhibition, and protein purification, in addition to facili
tating biocatalyst recovery (Fan et al., 2018; Sheldon and van Pelt, 
2013). Furthermore, enzymes immobilized on magnetic supports are 
easier to separate from the reaction medium by applying a magnetic 
field, improving the operational performance of this recovery process 
(Gennari et al., 2019a, Gennari et al., 2019b). In this context, magnetic 
particles represent a class of materials increasingly used in the targeted 
immobilization of recombinant enzymes (De Andrade et al., 2021). 

β-Galactosidase (lactase, EC 3.2.1.23) is an important commercial 
enzyme used in the food and pharmaceutical industry to remove lactose 
from dairy products, making them consumable for people with lactose 
intolerance (Guerrero et al., 2019; You et al., 2017). Purification pro
cesses are still considered a limitation in the large-scale production of 
β-galactosidases (Yu and Liu, 2012, Zhang et al., 2019). However, the 
recombinant production of these enzymes containing CBD can reduce 
these difficulties (Gennari et al., 2021). 

Several molecular biology techniques have been used to produce 
recombinant enzymes, among which the inclusion of tags stands out. 
These tags are widely used for protein purification through affinity 
chromatography (Rezaei et al., 2017). The main limitations of this 
chromatographic purification process include the high cost of affinity 
resins, low yield, and reduced enzymatic activity due to dilution (Fan 
et al., 2018). 

Cellulose Binding Domain (CBD) tag incorporation can be a strategy 
for one-step purification and immobilization of proteins on cellulose- 
based supports (Gennari et al., 2020; Lu et al., 2012). Thus, it is 
possible to overcome the above mentioned limitations of purification 
processes, mainly due to the low cost of obtaining cellulose (Chen et al., 
2019). Furthermore, the synthesis of nanocellulose increases this bio
polymer’s immobilization process efficiency due to its high surface area 
(Gennari et al., 2020). 

In continuation to our previous study (Gennari et al., 2021), the 
present work aimed to develop a one-step purification and targeted 
immobilization process of a β-galactosidase (Gal) from Kluyveromyces sp. 
with the CBD tag by binding it to different magnetic cellulose supports. 
The soluble purified enzyme and biocatalysts obtained were character
ized according to catalytic, kinetic and thermal parameters. In addition, 
the immobilized enzyme’s operational stability during the hydrolysis of 
skim milk lactose through a batch process was investigated. This study 
introduces a one-step purification strategy that could be useful for many 
industrial bioprocesses. 

2. Materials and methods 

2.1. Materials 

Immobilization experiments were carried out using a crude enzy
matic extract with β-galactosidase-CBD (Gennari et al., 2021). ONPG, 
activated factor X (Xa) from bovine plasma, and microcrystalline cel
lulose (MCC) were acquired from Sigma-Aldrich® (Missouri, US). The 
other substances used were analytical-grade reagents (Sigma-Aldrich®, 
Missouri, US). 

2.2. Methods 

2.2.1. Synthesis of magnetic cellulose supports 
Microcrystalline cellulose (MCC) was used as a cellulosic matrix to 

support β-galactosidase-CBD immobilization. This material was sub
jected to alkaline (ALK) and acid (ACC) treatments. Subsequently, two 
methods were used to obtain the magnetic particles: (i) by mixing the 
previously obtained cellulosic matrix with iron salts (Fe) and carrying 
out the joint co-precipitation of this suspension; (ii) by coating the 
magnetic particles (MP) co-precipitated using only iron salts with the 
cellulosic matrices. 

MCC magnetic particles (Fe-MCC) were synthesized using an adap
tation of the methodology described by Hassan et al. (2019): 1.80 g of 
FeCl2 were added to 4.86 g of FeCl3 in 100 mL of ultrapure water con
taining 1 g of MCC and incubated under a N2 atmosphere and constant 
magnetic stirring for 2 min. Then the mixture was heated at 85 ◦C for 5 
min, 40 mL of NH4OH (30% v/v) were added, and the resulting solution 
was kept under magnetic stirring for 60 min. The production of 
nanocellulose-based MP obtained through alkaline hydrolysis (Fe-ALK) 
was based on the combination of synthesis processes reported by Gen
nari et al. (2019a); Gennari et al. (2019b) and Hassan et al. (2019). 
Initially, alkaline cellulose (ALK) was obtained by following the treat
ment described by Gennari et al. (2019a); Gennari et al. (2019b). Then, 
using a N2 atmosphere, 1 g of ALK was mixed with FeCl2 (1.80 g) and 
FeCl3 (4.86 g), and this mixture was magnetically stirred for 2 min. The 
mixture was heated for 5 min at 85 ◦C, 40 mL of NH4OH (30% v/v) were 
added, and the synthesized Fe-ALK particles were kept under magnetic 
stirring for 60 min. The preparation of nanocellulose-based magnetic 
particles obtained by acid hydrolysis (Fe-ACC) was performed using the 
methods described by Gennari et al. (2019a); Gennari et al. (2019b) and 
Huang et al. (2018). To do so, 4 g of MCC were mixed with 100 mL of 
HCl 6 M and heated at 90 ◦C under magnetic stirring for 90 min. The 
solution was cooled in an ice bath and centrifuged (Hettich®, Universal 
320R, Germany) (2790 × g, 4 ◦C, 2 min). The acid hydrolyzed cellulose 
(ACC) was washed with ultrapure water. Then, under a N2 atmosphere, 
1 g of ACC was mixed with 100 mL of iron salts solution (1.80 g of FeCl2 
and 4.86 g of FeCl3). To form Fe-ACC particles, the mixture was heated 
for 5 min at 85 ◦C, 40 mL of NH4OH (30% v/v) were added, and the 
resulting suspension was kept under magnetic stirring for 60 min. 

MP-MCC synthesis was performed by coating MPs with MCC ac
cording to the method adapted from Cao et al. (2017). First, the mag
netic iron particles were prepared as described above. The mixture 
remained under magnetic stirring for 60 min. At the end of this period, 
MPs were separated using a magnet and washed with ultrapure water. 
150 mg of MP was dispersed in 30 mL of 7% NaOH (w/v) and 12% urea 
(w/v), and this suspension was kept for 1 h at − 20 ◦C. Then 500 mg of 
MCC were added to the above suspension, and the mixture was again 
kept for 1 h at − 20 ◦C. After that, 150 mL of ultrapure water were added 
to the MP-MCC. The MP-ALK and MP-ACC magnetic cellulose particles 
were synthesized following the methodologies described by Gennari 
et al. (2019a); Gennari et al. (2019b). The MP-ALK particles were pro
duced by mixing MP and cellulose treated with NaOH and urea. For the 
preparation of MP-ACC, cellulose was hydrolyzed with HCl and then 
mixed with magnetic particles. 

At the end of all the support synthesis processes (Fe-MCC, Fe-ALK, 
Fe-ACC, MP-MCC, MP-ALK, and MP-ACC), the magnetic cellulose par
ticles were separated from the solution using a magnet, washed three 
times with ultrapure water, and oven-dried at 60 ◦C (Ethik 

A. Gennari et al.                                                                                                                                                                                                                                



Bioresource Technology 345 (2022) 126497

3

Technology®, 403-3D, Brazil) for 12 h. 

2.2.2. Immobilizing recombinant β-galactosidase-CBD on magnetic 
cellulose 

The targeted immobilization processes of β-galactosidase-CBD (Gal) 
included the incubation of 6 mL of the immobilization solution (20 to 60 
Uenzyme/gsupport in a 50 mM sodium phosphate buffer solution with 3 
mM of MgCl2, pH 7.0) containing 100 mg of synthesized magnetic cel
lulose supports (Fe-MCC, Fe-ALK, Fe-ACC, MP-MCC, MP-ALK, and MP- 
ACC). The solutions were kept under rocking and rolling motion 
(Didática SP®, Roller Mixer MRII, Brazil) of 100 rpm at 25 ◦C for 60 min. 
During this process, samples of the supernatant (at 0, 15, 30, and 60 
min) were periodically collected to monitor the immobilization yield 
(Sheldon and van Pelt, 2013). At the end of the process, the β-galacto
sidase-CBD immobilized on cellulose was separated using a magnet. The 
derivatives obtained (Fe-MCC-Gal, Fe-ALK-Gal, Fe-ACC-Gal, MP-MCC- 
Gal, MP-ALK-Gal, and MP-ACC-Gal) were washed 5 × with 6 mL of 
Tris-HCl buffer (50 mM, pH 7.5) and analyzed to determine efficiency 
and recovered activity, as proposed by Sheldon and Van Pelt (2013). All 
experiments were carried out in triplicate. Statistical verification of the 
immobilization parameters was performed through a one-way analysis 
of variance (ANOVA). Fisher’s F-test determined the significance of the 
model. In the significant models, the Tukey Test (with a significance 
level of 0.05 (p-value < 0.05)) was performed to compare the means. 
The SPSS® Statistics 26.0 software was used for the statistical analysis. 

To obtain β-galactosidase in its free form, a cleavage sequence was 
added to construct the recombinant protein (Gennari et al., 2021). Thus, 
the enzyme immobilized on magnetic cellulose was incubated in a 
drying oven (Ethik Technology®, 403-3D, Brazil) at a ratio of 100:1 with 
activated factor X for 2.5 h at 37 ◦C. In the end, the mixture was 
centrifuged (Hettich®, Universal 320R, Germany) (2790 × g, 4 ◦C, 5 
min), and the free enzyme (free Gal) was separated from the solution 
supernatant for characterization. 

2.2.3. Analytical determinations 
β-Galactosidase-CBD’s enzymatic activity was determined using the 

ONPG substrate at 41 ◦C for 1 min according to Gennari et al. (2021). 
The protein profile of the crude enzyme extract containing β-galactosi
dase-CBD, the supernatant after immobilizations with Fe-ALK and MP- 
MCC, the Fe-ALK-Gal and MP-MCC-Gal derivatives, and the free Gal 
were evaluated using sodium dodecyl sulfate–polyacrylamide gel elec
trophoresis (SDS-PAGE 12% w/v). 

2.2.4. Textural, morphological, and magnetic evaluation of magnetic 
cellulose supports and produced derivatives 

The textural characterization of the supports based on magnetic 
cellulose (Fe-ALK and MP-MCC) and of the derivatives obtained (Fe- 
ALK-Gal and MP-MCC-Gal) was performed using N2 adsorp
tion–desorption isotherms at liquid N2 boiling temperature using a 
Micromeritics device (Micromeritics®, Tristar II Kr 3020, USA) ac
cording to (Gennari et al., 2019a, Gennari et al., 2019b). The structural 
morphology and the Energy Dispersive Spectroscopy (EDS) of the sup
ports (Fe-ALK and MP-MCC) and of the derivatives (Fe-ALK-Gal and MP- 
MCC-Gal) was obtained using a Scanning Electronic Microscope with 
Field Emission (SEM-FE) (FEI®, Inspect F50, Japan) (Gennari et al., 
2019a, Gennari et al., 2019b). The magnetic properties of the magnetic 
cellulose preparations (Fe-ALK and MP-MCC) and of the produced de
rivatives (Fe-ALK-Gal and MP-MCC-Gal) were evaluated using a 
vibrating sample magnetometer (VSM) (MicroSense®, EZ9, USA) (De 
Andrade et al., 2021). 

2.2.5. Characterization of the catalytic properties of free and immobilized 
β-galactosidases 

2.2.5.1. Determining the reaction conditions of pH and temperature and 
kinetic parameters. The optimal pH and temperature values for the ac
tivity of free (free Gal) and immobilized (Fe-ALK-Gal and MP-MCC-Gal) 
β-galactosidases were determined using the Central Composite Design 
(CCD) methodology (see supplementary materials) as per Gennari et al. 
(2021). The effect of different temperatures (25 to 75 ◦C) and pH (5 to 9) 
on the catalytic activity of enzyme preparations was evaluated. The 
experiments were designed and analyzed using the Statistica 13.1 soft
ware (Dell Statistica®, USA). The kinetic parameters (Michaelis constant 
(KM), maximum reaction speed (Vmax), and catalytic specificity con
stants (kcat)) of free and immobilized β-galactosidases were determined 
using the Michaelis-Menten model and the Lineweaver-Burk lineariza
tion method by varying the concentration of three different substrate 
solutions: ONPG (6.5 to 52.0 mM), lactose (9.13 to 584 mM), and skim 
milk (9.13 to 584 mM lactose) (Gennari et al., 2018; Liu et al., 2021). All 
substrate solutions were prepared in a sodium phosphate buffer solution 
(50 mM with 3 mM of MgCl2, pH 7.5). The reactions with ONPG were 
conducted for 1 min at 41 ◦C, as described in item 2.2.3. The hydrolysis 
of lactose solutions was conducted for 5 min at 41 ◦C, with subsequent 
determination of glucose concentration using a glucose oxidase kit 
(Labtest®, Minas Gerais, Brazil). Kinetic parameters were analyzed 
using ANOVA, and the significance of the model was determined by 
Fisher’s F-test. In the significant models, the Tukey Test (with a signif
icance level of 0.05 (p-value < 0.05)) was performed to compare the 
means. The SPSS® Statistics 26.0 software was used for the statistical 
analysis. 

2.2.5.2. Determining the effect of the presence of galactose and ions. To 
evaluate galactose’s effect on the catalysis of free (free Gal) and 
immobilized (Fe-ALK-Gal and MP-MCC-Gal) (30 U) enzymes, enzyme 
activity was analyzed (item 2.2.3) in the presence of different concen
trations of galactose (1 to 5%, w/v) in the ONPG solution (Shafi et al., 
2021). In order to evaluate the effect of galactose on the activity of an 
industrially used enzyme, the commercial β-galactosidase from Kluy
veromyces lactis (30 U) (Prozyn®, Lactomax Pure, Brazil) was subjected 
to the same conditions. The effect of the presence of ions on the activity 
of free (free Gal) and immobilized β-galactosidases (Fe-ALK-Gal and MP- 
MCC-Gal) was evaluated as follows: (i) for 1 min under reaction con
ditions to determine enzyme activity, and (ii) for 30 min in a Tris-HCl 
buffer solution (50 mM, pH 7.5) (De Freitas et al., 2020; Gennari 
et al., 2021). In (i), the test was conducted using 10 to 20 U of β-ga
lactosidases with the ONPG substrate (41 ◦C for 1 min), as described in 
item 2.2.3. ONPG was prepared in a sodium phosphate buffer solution 
(50 mM, pH 7.5) containing different cation concentrations (of chloride 
salts): Na+ (20 and 40 mM), K+ (40 and 80 mM), Ca2+ (30 and 60 mM), 
and Mg2+ (4 and 8 mM). The solution also contained different anion 
concentrations (magnesium salts): Cl- (8 and 16 mM), (SO4)2- (8 and 16 
mM) and (PO4)3- (21 and 42 mM). The activity of β-galactosidase in the 
absence of ions was used as control (100%) to determine the enzyme’s 
relative activity in the presence of ions. In this condition (ii), the assay 
was conducted with 10 and 20 U of β-galactosidases incubated for 30 
min at 25 ◦C in Tris-HCl buffer (50 mM, pH 7.5), containing the different 
concentrations of ions described above. After that, the enzymatic ac
tivity of each solution was determined by following the methods 
described in item 2.2.3. 

2.2.5.3. Determining thermal, storage and operational stabilities. To 
evaluate the thermal stability of free (free Gal) and immobilized (Fe- 
ALK-Gal and MP-MCC-Gal) β-galactosidases, enzymatic preparations (2 
U) were incubated in a thermostated bath (Marconi®, MA 156, Brazil) at 
temperatures of 55, 60, 65, and 70 ◦C. Aliquots were collected period
ically to determine the residual enzyme activity. The kinetic inactivation 
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constant (k), the half-life time (t1/2), and the stabilization factor (SF) of 
β-galactosidases were calculated according to Gennari et al. (2018). The 
storage stability (4 ◦C) was evaluated by incubating free and immobi
lized enzymes (15 U) in 50 mM of Tris-HCl buffer (pH 7.5) for 90 days. 
Samples were collected periodically to determine enzyme activity. The 
activity of each β-galactosidase in the first days of storage was used as 
control (100%) to calculate the residual activity. The reusability of 
β-galactosidase immobilized on magnetic cellulose (200 mg) was eval
uated in batch process using the hydrolysis reaction of lactose from skim 
milk (5% w/v lactose) (10 mL) following the methodology reported by 
Gennari et al. (2018). 

2.2.6. Cytotoxicity determination of the supports and β-galactosidase 
preparations 

The cytotoxicity of the synthesized magnetic supports (Fe-ALK and 
MP-MCC), derivatives (Fe-ALK-Gal and MP-MCC-Gal, 10 and 20 U/mL), 
and the free Gal (10 and 20 U/mL) was determined by cell viability of 
the HepG2 and Vero cultures employing two different methods: the 
Methyl Thiazol Tetrazolium (MTT) and neutral red (NR) uptake assays 
(van Meerloo et al., 2011; Repetto et al., 2008). The cell cultures were 
grown in Dulbecco’s Modified Eagle Medium (DMEM) (Invitrogen, US) 
and supplemented with 10% inactivated fetal bovine serum, 1% anti
biotic (penicillin–streptomycin), and 0.01% antifungal (amphotericin 
B). Cells were seeded at 5 × 103 (HepG2) or 2 × 103 cells/well (Vero) in 
a 96-well microtiter plate and were incubated overnight. Before incu
bation, support and enzyme samples were solubilized in 6 M H2SO4, and 
the mixture was neutralized with 12 M NaOH until pH 7.0. The solutions 
of solubilized samples were incubated with the cell lines for 72 h at 37 ◦C 
under 5% CO2. 

For the MTT assay, the cultures were incubated (72 h at 37 ◦C under 
5% CO2) with an MTT reagent (2 mg/mL) for 4 h, and the absorbance 
was measured at 570 nm using an EZ Read 400 microplate reader 
(Biochrom®, US). The precipitated purple formazan crystals were 
directly proportional to the number of live cells with active mitochon
dria. The mean absorbance of vehicle control wells was set as 100% 
viability, and the values of treated cells were calculated as the per
centage of cell viability. For the NR assay, after 72 h of incubation with 
the samples, the cells were washed with Phosphate-Buffered Saline 
(PBS) before the addition of 200 µL of NR dye solution (25 µg/mL) 
prepared in a serum-free medium, and the plate was incubated for 
additional 3 h at 37 ◦C under 5% CO2. The cells were washed with PBS, 
followed by incubation with 100 µL of a desorb solution (ethanol/acetic 
acid/water, 50:1:49 v/v/v) for 30 min, with gentle shaking to extract NR 

dye from the viable cells. Absorbance was measured at 562 nm using an 
EZ Read 400 microplate reader (Biochrom®, US). Cell viability was 
expressed as a percentage, considering the vehicle control cell as 100% 
cell viability. Statistical analysis was performed using ANOVA followed 
by Dunnett’s Multiple Comparison Test post-test using GraphPad Prism 
9 (San Diego, US). 

3. Results and discussion 

3.1. Immobilizing β-galactosidase-CBD on magnetic cellulose 

Table 1 shows the results obtained in the targeted immobilization of 
β-galactosidase-CBD on different magnetic cellulose supports after 15 
min of reaction. The yield, efficiency, and recovered activity results did 
not significantly increase (data not shown) between the immobilization 
times evaluated (15, 30, and 60 min). The highest yields (~63%) were 
obtained with loads of 20 and 30 U/gsupport. The reduction in the 
immobilization parameters with the increase in the enzymatic load is 
probably associated with the enzymatic saturation of the support surface 
and changes in the enzyme tridimensional structure after immobiliza
tion (Neto et al., 2021; Sheldon and van Pelt, 2013). Efficiency after 
β-galactosidase-CBD immobilization in the six supports, and for all the 
evaluated enzymatic loads, was approximately 90%. 

The immobilization yield indicated that the characteristics of the 
supports, produced with different methods, caused different interactions 
between the β-galactosidase-CBD and the magnetic cellulose particles. 
Cellulose forms (MCC, ALK, and ACC) have distinct structural charac
teristics due to the treatments used for their preparations. These treat
ments generate functional groups with different interaction possibilities 
with β-galactosidase-CBD (Bahrami and Hejazi, 2013). CBD is formed by 
sequences rich in proline and hydroxyproline amino acids, which enable 
the recombinant enzyme to bind to cellulose (Zhang et al., 2019). After 
the fast binding of the β-galactosidase CBD tag with magnetic cellulose, 
probably other interactions were formed, such as hydrogen bonds be
tween the supports’ hydroxyl groups with the enzyme’s amine groups, 
and between the cellulose hydrogen bond network with carboxyl groups 
of the β-galactosidase amino acid side chains (Huang et al., 2011). 

Based on the results in the present study (Table 1), the Fe-ALK and 
MP-MCC magnetic cellulose supports showed the best results in the 
immobilization parameters. Therefore, Fe-ALK-Gal and MP-MCC-Gal 
derivatives, with a load of 30 U/g support, were selected for character
ization assays. 

Fig. 1 shows the crude enzymatic extract’s protein profile, the 

Table 1 
Immobilization parameters of β-galactosidase-CBD using different activity loads on magnetic cellulose supports after 15 min of immobilization.  

Derivative Immobilization Parameter Activity Load (U/gsupport) 

20 30 40 50 60 

Fe-MCC-Gal Yield (%) 56.62 ± 3.64 bcd 56.30 ± 3.53 bcd 46.66 ± 3.58 efg 38.98 ± 2.53 gh 30.97 ± 3.72 ij 

Efficiency (%) 91.62 ± 3.26 a 92.17 ± 2.70 a 86.43 ± 3.40 a 90.15 ± 2.67 a 91.24 ± 1.66 a 

Activity Recovery (%) 51.91 ± 4.60 bcd 51.87 ± 2.96 bcd 40.36 ± 4.01 efghi 35.10 ± 1.23 ghijk 28.22 ± 2.87 jkl 

Fe-ALK-Gal Yield (%) 70.04 ± 4.07 a 64.40 ± 4.17 ab 46.48 ± 2.60 efg 39.30 ± 2.04 gh 32.01 ± 3.51 hij 

Efficiency (%) 90.68 ± 3.40 a 90.62 ± 4.48 a 92.67 ± 3.56 a 90.39 ± 2.31 a 85.87 ± 4.09 a 

Activity Recovery (%) 63.61 ± 6.12 a 58.23 ± 0.93 ab 43.02 ± 1.60 defgh 35.50 ± 0.93 ghijk 27.58 ± 4.33 kl 

Fe-ACC-Gal Yield (%) 50.01 ± 2.77 def 48.20 ± 1.91 defg 41.91 ± 2.45 fgh 33.54 ± 1.96 hi 23.85 ± 3.50 j 

Efficiency (%) 89.48 ± 3.96 a 92.66 ± 2.42 a 90.11 ± 1.51 a 86.18 ± 2.58 a 87.61 ± 3.96 a 

Activity Recovery (%) 44.82 ± 4.43 cdefg 44.70 ± 2.94 cdefg 37.79 ± 2.83 fghij 28.87 ± 0.87 jkl 20.98 ± 4.01 l 

MP-MCC-Gal Yield (%) 64.51 ± 3.96 ab 62.65 ± 3.56 abc 51.80 ± 4.45 cde 40.15 ± 3.44 gh 36.18 ± 3.35 hi 

Efficiency (%) 91.54 ± 2.92 a 92.39 ± 3.61 a 90.55 ± 2.08 a 90.48 ± 2.28 a 89.13 ± 4.30 a 

Activity Recovery (%) 58.97 ± 1.79 ab 57.97 ± 5.46 ab 46.96 ± 5.09 cdef 36.38 ± 4.01 ghijk 32.15 ± 1.46 ijk 

MP-ALK-Gal Yield (%) 54.48 ± 4.07 bcde 53.07 ± 1.28 cde 46.54 ± 2.38 efg 36.83 ± 1.82 hi 29.65 ± 2.00 ij 

Efficiency (%) 90.71 ± 2.20 a 87.52 ± 1.78 a 90.17 ± 3.55 a 89.46 ± 3.16 a 90.66 ± 2.23 a 

Activity Recovery (%) 49.36 ± 2.61bcde 46.46 ± 2.05 cdef 42.02 ± 3.77 defgh 32.98 ± 2.78 ijk 26.86 ± 1.17 kl 

MP-ACC-Gal Yield (%) 56.76 ± 3.53 bcd 60.05 ± 4.12 bc 47.10 ± 2.51efg 37.94 ± 3.53 ghi 28.93 ± 3.41 ij 

Efficiency (%) 90.64 ± 2.16 a 88.93 ± 4.50 a 89.71 ± 4.90 a 89.57 ± 3.11 a 89.90 ± 3.43 a 

Activity Recovery (%) 51.49 ± 4.18 bcd 53.52 ± 6.39 bc 42.20 ± 1.87 defgh 33.91 ± 1.96 hijk 26.09 ± 4.08 kl 

Different letters in the same immobilization parameter between the different activity loads and supports represent a significant difference (p < 0.05). Each value 
represents the mean of three experiments conducted in duplicate and the standard deviation. 
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supports Fe-ALK and MP-MCC’s immobilization supernatants, the Fe- 
ALK-Gal and MP-MCC-Gal derivatives, and the free Gal obtained by 
cleaving the MP-MCC-derivative Gal with activated factor X. It shows 
the presence of β-galactosidase-CBD (~120 kDa) in the crude enzyme 
extract (I), in the derivatives (IV and V), and in the soluble enzyme 
sample (VI). The enzyme’s targeted immobilization was efficiently 
performed on both magnetic cellulose supports tested, resulting in a 
reduction in the enzyme band’s intensity in the solution supernatant (II 
and III). The strong presence of β-galactosidase-CBD in Fe-ALK-Gal and 
MP-MCC-Gal derivatives (IV and V) evidenced the one-step immobili
zation and purification of enzyme. The results shown in Fig. 1, together 
with the rapid binding of the recombinant protein to different cellulose 
supports (15 min), demonstrate the functionality and high specificity of 
the CBD tag. 

Peprah Addai et al. (2020) purified a β-galactosidase from Lactoba
cillus sp. B164 fused to an elastin-like polypeptide (ELP) sequence and 
modified with 6x-Histidine, employing inverse thermal cycling (ITC) 
and nickel-nitrilotriacetic acid (Ni-NTA) resin. Through ITC, they ob
tained the pure enzyme with better catalytic properties, compared to the 
commercial Ni-NTA resin system. Although affinity chromatography is 
considered a promising technique to purify recombinant proteins, this 
system still has limitations for the purification of enzymes on an in
dustrial scale (Fan et al., 2018; Fang et al., 2018). 

Some of the advantages of CBD compared to other tags used in the 
immobilization and purification of β-galactosidases (Liu et al., 2021; Lu 
et al., 2012) include high binding affinity, low cost of inputs used in 
enzyme purification, simultaneous and fast immobilization and purifi
ciation of β-galactosidase, and a simple application process. 

3.2. Textural, morphological, and magnetic evaluation of magnetic 
cellulose supports and their derivatives 

The values of surface area and pore volume of magnetic cellulose 
supports (Fe-ALK and MP-MCC) and their derivatives with recombinant 
β-galactosidase (Fe-ALK-Gal and MP-MCC-Gal) were obtained through 
adsorption and desorption isotherms. Fe-ALK particles had higher sur
face area values (101 m2/g) than MP-MCC particles (94 m2/g). As 
verified by de Andrade et al. (2021), the supports’ micropores (diameter 
< 20 nm) contributed to the materials’ high surface area. After 

β-galactosidase-CBD immobilization, surface area (12 to 25%) and pore 
volume (18 to 41%) decreased. For Fe-ALK-Gal and MP-MCC-Gal par
ticles, the maximum values of the pore diameter distribution curves (see 
supplementary materials) moved to smaller sizes. These variations in 
isotherms and micropore size distribution are the result of incorporating 
the enzyme into the cellulose particles, covering their surface and 
blocking access to the pores. Average surface area values of approxi
mately 90 m2/g were obtained in this study. 

Fe-ALK, MP-MCC, Fe-ALK-Gal, and MP-MCC-Gal particles were 
observed by SEM-FE with a magnification of 100,000 × . The supports’ 
morphology did not change after immobilization with β-galactosidase- 
CBD. Fe-ALK, MP-MCC, Fe-ALK-Gal, and MP-MCC-Gal particles showed 
spherical shapes with diameters of 92.03, 88.47, 94.65, and 91.81 nm, 
respectively. SEM-FE images showed that all preparations formed blocks 
of agglomerates. This characteristic can be attributed to the preparation 
of samples for the images and to particles’ natural attraction as a func
tion of magnetism (Gennari et al., 2019a, Gennari et al., 2019b). 

Regarding the elementary composition of the magnetic particles used 
as supports, iron was the main component, with approximately 33% and 
26% in Fe-ALK and MP-MCC particles, respectively. The presence of 
carbon and oxygen was observed in all samples as they are present in 
cellulose. The percentage of Fe reduced after the immobilization of 
β-galactosidase-CBD due to carbon and oxygen incorporation from the 
protein structures. 

Fig. 2A shows the magnetization curves of supports (Fe-ALK and MP- 
MCC) and derivatives (Fe-ALK-Gal and MP-MCC-Gal), showing the 
responsiveness of these samples to the applied magnetic field. The 
saturation magnetization (MS) of Fe-ALK and MP-MCC magnetic cellu
lose supports was 32.51 and 31.13 emu/g, respectively. After β-galac
tosidase-CBD immobilization, MS decreased to 30.03 emu/g in Fe-ALK- 
Gal and 28.58 emu/g in MP-MCC-Gal. The results showed a typical 
response of a predominantly superparamagnetic system (John and 
Mathew, 2019), with low coercivity in all tested samples (0.19 to 4.16 
kOe). Based on these results and due to the presence of narrow hysteresis 
cycles (Fig. 2A), the nanoparticles of the supports and derivatives were 
classified as soft (Netto et al., 2013). The immobilization of β-galacto
sidase-CBD on magnetic cellulose supports did not affect the materials’ 
magnetic response. The small reductions observed can be attributed to 
the increase in the mass of enzyme molecules (non-magnetic) in relation 
to the magnetic supports’ mass. These results demonstrate that 
β-galactosidase-CBD immobilized on magnetic cellulose can be quickly 
separated from the reaction medium through a magnetic field. This is a 
promising feature for the application of the enzyme in large-scale lactose 
hydrolysis processes. 

3.3. Determining the reaction conditions of pH and temperature and 
kinetic parameters of free and immobilized β-galactosidase 

The investigation of optimum pH and temperature values for catal
ysis with free and immobilized enzymes was carried out using CCD, with 
pH varying from 5 to 9 and the temperature from 25 to 75 ◦C. For the 
enzymatic activity of Fe-ALK-Gal and MP-MCC-Gal derivatives, the 
linear regression coefficient of the pH variable (x1) was significant (p- 
value < 0.05). As for the enzymatic activity of free Gal and its de
rivatives (Fe-ALK-Gal and MP-MCC-Gal), the second-order regression 
coefficients of pH (x1.x1) and temperature (x2.x2) showed significance 
(p-value < 0.05), indicating that small changes in the values of these 
variables produce significant changes in the activity of free and immo
bilized β-galactosidase. Furthermore, the regression coefficient of the 
interaction between pH and temperature (x1.x2) showed significance (p- 
value < 0.05) in the activity of free Gal. These differences observed 
between the free Gal and β-galactosidase-CBD derivatives may be due to 
a change in the microenvironment’s dielectric constant generated after 
the bonds to magnetic celluloses, modifying the acid constants of basic 
or acid groups of the immobilized enzyme (Alptekin et al., 2010). 

The significance values for the obtained models of free Gal, Fe-ALK- 

Fig 1. Polyacrylamide gel electrophoresis of the proteins present in different 
solutions before and after immobilization on cellulose M: Page Ruler molecular 
weight marker; I: crude enzyme extract; II and III: supernatant after immobi
lization with Fe-ALK and MP-MCC, respectively; IV and V: Fe-ALK-Gal and MP- 
MCC-Gal derivatives, respectively; VI: free β-galactosidase (cleaved from the 
MP-MCC-Gal derivative with Factor Xa). 
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Gal, and MP-MCC-Gal enzymatic activity were p-value < 0.0360, p- 
value < 0.0088, and p-value < 0.0018, respectively. The coefficients of 
determination (R2) ranged from 0.86 to 0.96. Based on the models, the 
response surfaces of free and immobilized enzymes were obtained (see 
supplementary materials), which demonstrates the relationship between 
enzymatic activity and the assessed pH and temperature reaction con
ditions. From the optimized mathematical models (see supplementary 
materials), the optimum pH and temperature values were determined 
for the activities of free and immobilized enzymes and the respective 
predicted values of enzymatic activity. In order to validate the models, 
the activities of free and immobilized β-galactosidases on magnetic 
cellulose supports were carried out under the optimum conditions of pH 
and temperature (see supplementary materials). The results showed a 
similarity of approximately 90% between the theoretical values pre
dicted by the models for the activities of β-galactosidases (free Gal, Fe- 
ALK-Gal, and MP-MCC-Gal) and those determined experimentally. 

The optimal pH values for free and immobilized enzymes were 
similar, maintaining their optimal biocatalysis range at values close to 
7.0, indicating that the recombinant β-galactosidase from Kluyveromyces 
sp. immobilization did not change this operating parameter (Gennari 
et al., 2019a, Gennari et al., 2019b). The optimum temperature of the 
MP-MCC derivative was approximately 5 ◦C higher than the tempera
tures of the other enzymatic preparations (free Gal and Fe-ALK-Gal). 
According to Jordan et al. (2011), changes in pH and temperature for 
maximum enzymatic activity can be attributed to the different in
teractions formed, mainly hydrogen bonds, after the enzyme immobi
lization to cellulose by the CBD tag. 

Determination kinetic characteristics of the β-galactosidase-CBD re
action helps increase the enzymatic efficiency in the lactose hydrolysis 
processes. Thus, enzyme catalysis in ONPG, lactose, and skim milk so
lutions were studied, and the results are shown in Table 2. Free Gal, Fe- 
ALK-Gal, and MP-MCC-Gal in the synthetic chromogenic substrate 
(ONPG) hydrolysis reaction showed no significant difference (p < 0.05) 

in the Michaelis constant (KM) and the catalytic constant (kcat). 
Regarding Vmax, the MP-MCC-Gal derivative showed the best results (p 
< 0.05), approximately 1.3 × higher than free Gal and Fe-ALK-Gal. In 
the lactose hydrolysis reaction (5% w/v solution), the MP-MCC-Gal 
derivative showed the lowest affinity between β-galactosidase and the 
substrate (p < 0.05). This effect may have been caused by changes in the 
microenvironment of the active site after the enzyme bound to MP-MCC 
(Ricardi et al., 2021). In contrast, the lowest maximum speed was 
observed for the Fe-ALK-Gal derivative. This variation of the kinetic 
parameters KM and Vmax, resulted in higher values of kcat for free Gal. 

Regarding the lactose hydrolysis reactions in skim milk (5% w/v of 
lactose), Fe-ALK-Gal and MP-MCC-Gal derivatives showed affinity 
values between β-galactosidase and the substrate 1.8 and 1.2 × higher 
(p < 0.05) than free Gal, respectively. As a consequence of higher KM 
values, the recombinant β-galactosidase immobilized on Fe-ALK and 
MP-MCC supports showed a significantly higher catalytic constant (p <

Fig 2. (A) Magnetization curves obtained using a vibrating sample magnetometer of the magnetic cellulose supports (○) Fe-ALK and (○) MP-MCC, and the derivatives 
after the immobilization of β-galactosidase-CBD (○) Fe-ALK-Gal and (○) MP-MCC-Gal; (B) Effect of different galactose concentrations (% w/v) on β-galactosidase 
activities: (■) free Gal, (○) Commercial K. lactis β-galactosidase, (●) Fe-ALK-Gal, (□) MP-MCC-Gal; (C) Reuse of β-galactosidase immobilized on magnetic cellulose 
supports: (□) Fe-ALK-Gal, (●) MP-MCC-Gal. 

Table 2 
Kinetic parameters, using different substrate solutions, of free and immobilized 
β-galactosidases on magnetic cellulose supports.   

KM (mM) Vmax (mM/min) kcat (min− 1) 

ONPG 
Free Gal 11.04 ± 2.22 a 42.83 ± 2.88b 3.95 ± 0.54 a 

Fe-ALK-Gal 11.13 ± 2.10 a 43.04 ± 3.35b 3.31 ± 0.29 a 

MP-MCC-Gal 15.18 ± 1.82 a 53.63 ± 3.40 a 3.55 ± 0.19 a 

Lactose 
Free Gal 72.40 ± 1.34b 640.70 ± 4.16 a 8.85 ± 0.15 a 

Fe-ALK-Gal 72.92 ± 0.88b 534.90 ± 2.63b 7.34 ± 0.06b 

MP-MCC-Gal 82.22 ± 0.45 a 612.13 ± 2.86 a 7.44 ± 0.02b 

Milk 
Free Gal 259.57 ± 5.35 a 593.40 ± 6.22 a 2.29 ± 0.03c 

Fe-ALK-Gal 147.83 ± 2.18c 521.20 ± 4.97 a 3.53 ± 0.02 a 

MP-MCC-Gal 209.50 ± 5.82b 541.00 ± 4.06 a 2.58 ± 0.02b  
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0.05), indicating that more lactose molecules in milk are converted into 
glucose and galactose when the enzyme is bound to magnetic cellulose 
particles. KM values in the hydrolysis processes in lactose solution and 
milk increased approximately 3.5, 2.0, and 2.6 × for free Gal, Fe-ALK- 
Gal, and MP-MCC-Gal, respectively. This variation is probably related 
to harder interaction between lactose in milk and the active site of en
zymes due to the other components present in this food matrix (Neto 
et al., 2021). 

Regarding Vmax values in the hydrolysis reactions of the three eval
uated substrates, β-galactosidase-CBD under targeted immobilization on 
magnetic cellulose supports showed similar or superior values compared 
to free Gal, indicating that the use of nanometric supports helps disperse 
the derivative in the reaction medium. In contrast, Gennari et al. (2018), 
Ricardi et al. (2021), and Wahba (2016) reported a reduction in the Vmax 
of the hydrolysis reaction catalyzed by immobilized β-galactosidase due 
to precipitation of the support, limiting enzyme diffusion in the reaction 
medium. 

3.4. Determining the effect of the presence of galactose and ions on the 
activity of free and immobilized β-galactosidases 

Considering that galactose, one of the products of the lactose hy
drolysis reaction, acts as a competitive inhibitor for the active site of 
β-galactosidase (Husain et al., 2011), the effect of this monosaccharide 
was evaluated on free and immobilized enzyme activity (Fig. 2B). The 
activity of soluble β-galactosidase-CBD was primarily affected in the 
presence of galactose at all concentrations evaluated. The immobiliza
tion of β-galactosidase-CBD on Fe-ALK and MP-MCC supports reduced 
this inhibitory effect, showing relative activity values 20% higher 
compared to free Gal, at the concentration of 5% of galactose. Overall, 
immobilized enzymes showed a lower inhibition by the product than the 
tested commercial K. lactis β-galactosidase. According to Mateo et al. 
(2007), the conformational changes in the enzyme, due to its binding to 
the support, reduce its contact with the inhibitory compound. In addi
tion, the microenvironment created with CBD may have contributed to 
reduce the inhibitory effect of galactose. 

β-Galactosidase is an enzyme primarily used in the hydrolysis of 
lactose from milk and dairy products, which have several mineral salts 
in their composition, such as Na+, K+, Mg2+, and Ca2+. Thus, evaluating 
the effect of these ions on enzymatic reactions enables an improvement 
in the catalytic efficiency. Therefore, the enzymatic activities of free and 
immobilized β-galactosidases after 30 min of contact with the enzymes 
were evaluated in the presence of the ions Na+, K+, Mg2+, Ca2+, Cl-, 
(SO4)2- and (PO4)3-. Na+, K+, Mg2+, Cl-, (SO4)2- and (PO4)3- increased 
the activity of free Gal and derivatives (Fe-ALK-Gal and MP-MCC- Gal). 
The addition of Mg2+ in the biocatalysis provided the most significant 
activating effect, increasing the activity of β-galactosidases by up to 
24%. The Ca2+ ion, as already reported by Liu et al. (2021), showed a 
repressive effect on the hydrolysis reaction catalyzed by β-galactosi
dases, regardless of the enzymatic concentrations. The differences 
observed between the ions’ effects may be related to their interactions 
with the enzyme’s positively or negatively charged regions, which can 
attract or repulse peptide chains, changing the conformation of the 
active site of the enzymes (Karimi Alavijeh et al., 2020). 

3.5. Determining thermal, storage and operational stability 

The stability of free and immobilized β-galactosidases at high tem
peratures was evaluated to investigate the enzyme applicability on an 
industrial scale (see supplementary materials). The targeted immobili
zation process of β-galactosidase-CBD on magnetic cellulose supports 
(Fe-ALK and MP-MCC) reduced the thermal inactivation constant, 
increased half-life values, and increased thermal stability by up to 7×, 
evidenced by the stabilization factor. The derivative MP-MCC-Gal 
showed greater stability with increasing temperature, indicating that 
the interactions of β-galactosidase-CBD with the support MP-MCC 

provided a more significant protective effect due to the increased 
resistance to enzyme splits during heat treatment (Banjanac et al., 
2016). Estevinho et al. (2018) immobilized β-galactosidase on bacterial 
cellulose membranes containing a carbohydrate-binding module (CBM). 
They found that structural changes induced by the enzyme’s bond to 
cellulose and the different microenvironments formed from this inter
action contribute to enzymatic stability at high temperatures. In turn, 
CBD - despite its different structure from CBM - can also present pro
tecting characteristics that increase the thermal resistance of β-galac
tosidase-CBD. 

Considering the importance of storage stability in applying immo
bilized enzymes to large-scale bioprocesses, the enzymatic activities of 
free and immobilized β-galactosidases were determined over 90 days at 
4 ◦C. Although free Gal showed high stability, maintaining approxi
mately 70% and 40% of its initial activity after 45 and 90 days, 
respectively, targeted immobilization improved this property. Fe-ALK- 
Gal and MP-MCC-Gal derivatives maintained approximately 70% and 
60% of their initial activities, respectively, after 90 days of storage. 
These results indicate that catalytic activity and enzyme binding to 
supports were probably not affected under the storage conditions. 
Therefore, the derivatives Fe-ALK-Gal and MP-MCC-Gal are promising 
for application in lactose hydrolysis bioprocesses. 

The oriented immobilized β-galactosidases (Fe-ALK-Gal and MP- 
MCC-Gal) were used in sequential batch reactions for the hydrolysis of 
lactose in milk (Fig. 2C). Fe-ALK-Gal derivative showed greater opera
tional stability up to the 10th reuse cycle. From this batch, the relative 
hydrolysis percentages were similar between both enzymatic prepara
tions, with a hydrolytic efficiency of immobilized β-galactosidase of 50% 
after 15 cycles. Further reductions can be attributed to enzymatic 
inactivation, mass loss of the immobilized enzyme due to washings 
during the reuse processes, and detachment of the enzyme from the 
support (Eskandarloo and Abbaspourrad, 2018; Estevinho et al., 2018). 
Estevinho et al. (2018) evaluated the reuse potential of a β-galactosidase 
immobilized on cellulose membranes and found an approximate enzyme 
activity rate of 30% after 8 cycles. 

The derivatives obtained in this study (Fe-ALK-Gal and MP-MCC-Gal) 
showed greater operational stability. The observed differences may be 
related to the cellulose forms used in both works, membranes (Estevinho 
et al., 2018), and magnetic particles in the present investigation. 

3.6. Cytotoxic effect of supports and free and immobilized 
β-galactosidases 

The cytotoxicity of the supports (Fe-ALK and MP-MCC) and the de
rivatives and free Gal at concentrations of 10 and 20 U/ml were eval
uated in HepG2 and Vero cell cultures using the MTT and NR assays 
(Fig. 3). The supports developed for β-galactosidase-CBD immobilization 
did not change the viability of both cells in both methods evaluated. 
Cellulose magnetic particles did not show significant apoptotic or 
necrotic effects (p < 0.05) on cell cultures, probably due to the chemical 
characteristics of the materials used to obtain the cellulose magnetic 
particles (Chaabane et al., 2020; Gennari et al., 2020). In addition, 
β-galactosidase in its free form and in the derivatives also did not show 
toxicity. Therefore, the derivatives produced in this study can be 
considered non-toxic, allowing their application in different industries. 
Magnetic nanoparticles for applications in nanobiotechnology, nano
medicine, and enzyme immobilization also did not show toxicity, being 
considered biocompatible materials (Chaabane et al., 2020; Shafi et al., 
2021). 

4. Conclusions 

This study presents a low-cost, sustainable, and efficient one-step 
process to immobilize and purify recombinant β-galactosidase on mag
netic cellulose particles using the biospecific affinity of the CBD tag. The 
recombinant β-galactosidase, linked to both magnetic cellulose 
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supports, presented catalytic, cytotoxic, and operational characteristics 
that allow its applicability in the food and pharmaceutical industry, 
considering the feasibility of separating the enzyme from the reaction 
medium and the low cost of obtaining the biocatalyst. 
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