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This study aimed to develop single-step purification and immobilization processes on cellulosic supports of
B-galactosidase from Kluyveromyces sp. combined with the Cellulose-Binding Domain (CBD) tag. After 15 min of
immobilization, with an enzymatic load of 150 U/gsupport, €Xpressed activity values reached 106.88 (micro-
crystalline cellulose), 115.03 (alkaline nanocellulose), and 108.47 1U/g (acid nanocellulose). The derivatives
produced were less sensitive to the presence of galactose in comparison with the soluble purified enzyme. Among
the cations assessed (Na*, K*, Mg?*, and Ca®"), magnesium provided the highest increase in the enzymatic
activity of p-galactosidases immobilized on cellulosic supports. Supports and derivatives showed no cytotoxic
effect on the investigated cell cultures (HepG2 and Vero). Derivatives showed high operational stability in the
hydrolysis of milk lactose and retained from 53 to 64% of their hydrolysis capacity after 40 reuse cycles. This
study obtained biocatalyzers with promising characteristics for application in the food industry. Biocatalyzers
were obtained through a low-cost one-step sustainable bioprocess of purification and immobilization of a
p-galactosidase on cellulose via CBD.

1. Introduction

B-D-galactosidase is a glycosidic hydrolase that catalyzes the con-
version of lactose into glucose and galactose. This enzyme is widely used
in dairy industries to hydrolyze the lactose of milk and milk-derived
products to meet the needs of consumers intolerant to this sugar
[1-3]. For large-scale use, microbial p-galactosidases are preferred [4],
although this enzyme is also present in other organisms, like plants and
animals [5]. Enzyme purification and stabilization are the main

limitations of applying f-galactosidase in industrial bioprocesses since
they can affect the biocatalyzer performance and the production cost
[6].

The heterologous production of this enzyme using recombinant DNA
technology is a biotechnological alternative to overcome these limita-
tions. That way, it is possible to manipulate genes to obtain more stable
metabolites with specific binding characteristics [7]. Also, protein en-
gineering enables us to include in a specific matrix binders or tags that
codify amino acid sequences with high binding affinity [8]. This strategy
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results in recombinant proteins with high yield and purity [9]. Some
binders used for this purpose are His-tag, Calmodulin Binding Proteins,
Maltose Binding Proteins, Cellulose Binding Domain (CBD), and Chitin
Binding Proteins [10].

The CBD tag has been used as a biomarker due to its specific binding
affinity with cellulose and capacity to bind or immobilize biomolecules
in matrices formed by this biopolymer [11,12]. The immobilization of
enzymes on solid supports like cellulose develops biocatalyzers with
higher operational and thermal stability and reusability [13-15]. In
addition, pore size and volume (Barrett-Joyner-Halenda — BJH) and the
surface area (Brunauer, Emmett & Teller — BET) of the cellulose support
structure may favor the oriented binding of high enzyme concentrations
[16]. The CBD tag also increases the affinity of the active site of the
immobilized enzyme with its substrate [17,18]. By including a CBD
sequence in a B-galactosidase codifying gene, enzyme immobilization
and purification processes can be done in one step by binding the
enzyme to a cellulosic support [19]. This is a sustainable low-cost bio-
process that enables the reuse of -galactosidase in reactions of lactose
hydrolysis [20].

Previous works have reported the cloning and expression of
fB-galactosidase from Kluyveromyces sp. with the CBD tag (p-galactosi-
dases-CBD) [20]. Therefore, this study aimed to immobilize $-galacto-
sidases-CBD by binding them to cellulosic supports through
simultaneous enzyme purification and immobilization processes. The
immobilization processes were carried out via combination with CBD by
using four different supports: microcrystalline cellulose, nanocellulose
obtained by alkaline hydrolysis, nanocellulose obtained by acid route,
and solvent-treated cellulose. The enzymatic load and the immobiliza-
tion time were analyzed to determine immobilization conditions.
Textural and morphological characteristics of the supports and bio-
catalyzers obtained were assessed. The soluble purified enzyme and the
biocatalyzers obtained were characterized regarding pH and tempera-
ture reaction conditions, presence of ions and galactose, kinetic pa-
rameters, thermal and storage stability, and cytotoxic effect on cell
cultures. In addition, the immobilized enzyme's operational stability was
assessed during the hydrolysis of skim milk lactose through a batch

Protein Yield (%) =

Initial protein concentration — Supernatant protein concentration
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alkaline hydrolysis (ALNC) using NaOH 7% w/v and urea 12% w/v
following the methodology of Gennari et al. [21]. Nanocellulose was
obtained by acid route (ACNC) using HCl 6 M following Gennari et al.
[21]. The nanocelluloses produced (ALNC and ACNC) were recon-
stituted at the concentration of 50 mg of cellulose per mL of ultrapure
water and stored at 4 °C.

For the solvent-treated cellulose (SC), the solution solidification
method proposed by Carrick et al. [22] was used with adaptations. A
solution with 100 mL of LiCl 5% w/v in DMAc was prepared and heated
in a drying oven (Ethik Technology®, 403-3D, Brazil) at 105 °C for 30
min. The solution was cooled in an ice bath until it reached room tem-
perature (25 °C), and 10.5 g of MCC was added to it. Afterward, the
solution was saturated with N, and ethanol 99.5% v/v was added to it
by continuing dripping, resulting in a nonsolvent solution. The solidified
cellulose was separated by centrifugation (Hettich®, Universal 320R,
Germany) (2790 xg, 4 °C, 2 min), washed twice with ultrapure water,
and then dried in a drying oven (Ethik Technology®, 403-3D, Brazil) at
50 °C for 2 h.

2.2.2. Immobilization of recombinant f-galactosidase on cellulose by CBD

The oriented immobilization processes of p-galactosidase-CBD (Gal)
were conducted by incubating 6 mL of the immobilization solution (100
t0 300 Uenzyme/8support in 50 mM sodium phosphate buffer solution with
3 mM of MgCly, pH 7.0) with 100 mg of support (MCC, ALNC, ACNC, or
SC). The solutions were maintained under rocking and rolling motion
(Didatica SP®, Roller Mixer MRII, Brazil) at 100 rpm and 25 °C for 15
min. During this process, supernatant samples were collected periodi-
cally to determine the immobilization yields (Egs. (1) and (2)) [23,24].
In the end, p-galactosidase immobilized on cellulose was separated by
centrifugation (Hettich®, Universal 320R, Germany) (2790 xg, 4 °C, 2
min), and the derivatives (MCC-Gal, ALNC-Gal, ACNC-Gal, and SC-Gal)
were washed 5 x with 6 mL of Tris-HCl buffer (50 mM, pH 7.5) and
analyzed to determine efficiency and expressed activity following Egs.
(3) and (4), respectively [23].

Initial activity — Supernatant activity
X

Initial protein concentration

process.
2. Materials and methods
2.1. Materials

Immobilization experiments were carried out by using crude enzy-
matic extract with f-galactosidase-CBD [20]. Ortho-nitrophenyl-p-D-
galactopyranoside (ONPG), activated factor X (Xa) from bovine plasma,
N,N-Dimethylacetamide (DMAc), and microcrystalline cellulose (MCC)
were acquired from Sigma-Aldrich® (Missouri, US). The glucose quan-
tification kit was acquired from Labtest® (Minas Gerais, Brazil).
Powdered skim milk was purchased from Brazil Foods S.A. (Rio Grande
do Sul, Brazil). Analytical-grade reagents were acquired from Sigma-
Aldrich® (Missouri, US).

2.2. Methods

2.2.1. Synthesis of cellulosic supports

Supports for immobilizing -galactosidase-CBD were prepared using
three different treatments of microcrystalline cellulose (MCC): alkaline,
acid, and solvent. In the first treatment, nanocellulose was obtained by
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All experiments were carried out in triplicate. Statistical verification
of the immobilization parameters was performed using a one-way
analysis of variance (ANOVA). The significance of the model was
determined using Fisher's F-test. In the significant models, means were
compared using the Tukey test with a significance level of 0.05 (p-value
<0.05). The SPSS® Statistics 26.0 software was used for the statistical
analysis.

A cleavage sequence was used in the construction of the recombinant
protein to obtain f-galactosidase in its free form [20]. The enzyme
immobilized on cellulose was incubated in a drying oven (Ethik Tech-
nology®, 403-3D, Brazil) in the proportion 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 xg, 4 °C, 5 min), and the
free enzyme (free Gal) of the solution supernatant was separated for
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later characterization.

2.2.3. Engzyme activity and protein determination

The enzymatic activity of p-galactosidase-CBD was determined by
using the substrate ortho-nitrophenyl-f-D-galactopyranoside (ONPG)
following the methods described by Rech et al. [25] with some modi-
fications. For this purpose, 100 pL of enzymatic samples were added to 1
mL of 13 mM ONPG (prepared in a 50 mM sodium phosphate buffer
solution with 3 mM of MgCly, pH 7.5) at 41 °C. The reaction was
interrupted after 1 min by adding 200 pL of 1 M sodium carbonate, and
the absorbance was measured using a spectrophotometer (Shimadzu®,
UV-2600, Japan) at 405 nm. One unit (U) or international unit (IU) of
activity was defined as the amount of enzyme that catalyzes the release
of 1 pmol of ortho-nitrophenol (ONP) (eonp = 3.1 mL/pmol.cm) per
minute under assay conditions.

Protein content was determined using the method proposed by
Bradford [26]. The protein profile of the crude enzymatic extract con-
taining B-galactosidase-CBD of the derivatives MCC-Gal, ALNC-Gal, and
ACNC-Gal, and free Gal was assessed with sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE 12% w/v) by using the
molecular weight marker Page Ruler™ (Thermo Scientific®, US) [25].
The gel was stained with Coomassie Brilliant Blue R-250 (0.1% w/v).
The derivatives obtained were heated for 15 min for protein desorption
and visualization.

2.2.4. Textural and morphological assessment of the cellulosic supports and
the derivatives produced

Textural characterization of the cellulosic supports (MCC, ALNC, and
ACNC) and derivatives obtained (MCC-Gal, ALNC-Gal, and ACNC-Gal)
was performed by using N» adsorption-desorption isotherms at liquid
N3 boiling temperature using a Micromeritics device (Micromeritics®,
Tristar II Kr 3020, USA). Samples had been previously degassed at
100 °C under vacuum for 8 h. The Brunauer-Emmett-Teller (BET) mul-
tipoint technique was used to determine the specific surface area. Pore
size distribution was obtained by using the Barret-Joyner-Halenda (BJH)
method [26].

The structure morphology of samples (MCC, MCC-Gal, ALNC, ALNC-
Gal, ACNC, and ACNC-Gal) was analyzed using Scanning Electronic
Microscope with Field Emission (SEM-FE) (FEI®, Inspect F50, Japan)
with an acceleration voltage of 20 kV and magnification of 10.000 x.
Before the analysis, samples had been dried in a drying oven (Ethik
Technology®, 403-3D, Brazil) at 60 °C for 12 h and dispersed in iso-
propyl alcohol. The material was then mounted on carbon tapes and
coated with gold. The elemental composition of the samples was
determined by Energy Dispersive Spectroscopy (EDS) (FEI®, Inspect
F50, Japan), with an acceleration voltage of 20 kV.

2.2.5. Characterization of catalytic properties of free and immobilized
p-galactosidase

2.2.5.1. Determination of reaction conditions of pH and temperature and
kinetic parameters. Optimal pH and temperature values were determined
for the activity of free and immobilized p-galactosidases by using the
Central Composite Design (CCD) method following Gennari et al. [20].
The catalytic activities of the free enzyme (free Gal) and their derivatives
(MCC-Gal, ALNC-Gal, and ACNC-Gal) were analyzed at temperatures
ranging from 25 to 75 °C and solutions with pH ranging from 5 to 9.
Table S1 shows the complete matrix of the factorial design 22 with the
real and codified levels of the different combinations of conditions
assessed.

Experimental designs were developed and analyzed using the soft-
ware Statistica 13.1 (Dell Statistica®, EUA). Statistical verification of the
models was performed using ANOVA. The significance of the regression
coefficients (p-value <0.05) of the variables assessed (pH and temper-
ature) and associated probabilities (p(t)) were determined by the
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Student t-test. The Fisher's F-test was used to assess the significance of
models of second-order equations. The variance explained by the model
is given by the coefficient of multiple determination, R% The quadratic
models of p-galactosidases were represented by contour surface (2D) for
the variables assessed. All experiments were carried out in triplicate.

The kinetic parameters of free (Free Gal) and immobilized (MCC-Gal,
ALNC-Gal, and ACNC-Gal) p-galactosidases were determined by the
concentration variation 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
of lactose) [27,28]. The reactions with ONPG were conducted for 1 min
at 41 °C, as described in item 2.2.3. The hydrolysis of the solutions with
lactose was conducted for 5 min at 41 °C, with subsequent determina-
tion of glucose concentration using a glucose oxidase kit (Labtest®,
Minas Gerais, Brazil). All substrate solutions were prepared in a sodium
phosphate buffer solution (50 mM with 3 mM of MgCl,, pH 7.5).

Michaelis constant values (Kp;) and maximal reaction velocity (Vimax)
were determined using the Michaelis-Menten model and the
Lineweaver-Burk linearization. Catalytic specificity constants (k.q) of
free (free Gal) and immobilized (MCC-Gal, ALNC-Gal, and ACNC-Gal)
B-galactosidases were determined by the relation between the
maximal velocity and the Michaelis constant. Kinetic parameters were
analyzed using a one-way ANOVA, and the significance of the model was
determined by the Fisher's F-test. In the significant models, means were
compared using the Tukey test with a significance level of 0.05 (p-value
<0.05). The SPSS® Statistics 26.0 software was used for the statistical
analysis.

2.2.5.2. Determination of the effect of the presence of galactose and ions.
The inhibitory action of galactose in the enzymatic activity was deter-
mined by the incubation of free (Free Gal) and immobilized (MCC-Gal,
ALNC-Gal, and ACNC-Gal) (50 U) p-galactosidases in the presence of
different concentrations of galactose (1 to 5% m/v). The commercial
pB-galactosidase from Kluyveromyces lactis (50 U) (Prozyn®, Lactomax
Pure, Brazil) was also subjected to the same conditions to assess the
effect of this monosaccharide on the activity of enzymes used in the
industry. Enzymatic reactions were conducted using ONPG as substrate,
as described in Item 2.2.3. The activity of f-galactosidase in the absence
of galactose was used as control (100%) to determine the relative ac-
tivity of the enzyme in the presence of the monosaccharide.

The effect of the presence of ions in the activity of free (free Gal) and
immobilized (MCC-Gal, ALNC-Gal, and ACNC-Gal) p-galactosidases was
assessed as follows: (i) for 1 min in the reaction conditions of determi-
nation of the enzymatic activity, and (ii) for 30 min in the Tris-HCI
buffer solution (50 mM, pH 7.5) [19,29].

In (i), the test was conducted using 10 to 20 U of f-galactosidases
with the substrate ONPG (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) with different cation concentrations (chloride salts): Na® (20 and
40 mM), K* (40 and 80 mM), Ca>* (30 and 60 mM), and Mg?* (4 and 8
mM). For the preparation, different anion concentrations (magnesium
salts) were used: Cl~ (8 and 16 mM) and (SO4)2_ (8 and 16 mM). The
activity of f-galactosidase in the absence of ions was used as control
(100%) to determine the relative activity of the enzyme in the presence
of ions.

In (ii), the test was conducted with 10 and 20 U of the p-galactosi-
dases incubated for 30 min at 25 °C in a Tris-HCI buffer solution (50 mM,
pH 7.5). The solutions contained the different ion concentrations
described above. After that, the enzymatic activity of each solution was
determined following the methods described in item 2.2.3. The activity
of p-galactosidase in the absence of ions was used as control (100%) to
determine the relative activity of the enzyme in the presence of ions.

2.2.5.3. Determination of thermal and storage stabilities. The thermal
stability of free and immobilized p-galactosidases was determined by
incubating the samples (50 U) in thermostatized bath (Marconi®, MA
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156, Brazil) at 55, 60, 65, and 70 °C. Aliquots were collected periodically
to determine the residual activity of the enzymes. The kinetic inactiva-
tion constant (k), half-life time (t;/2), and stabilization factor (SF) of the
fB-galactosidases (Free Gal, MCC-Gal, ALNC-Gal, and ACNC-Gal) were
determined following Gennari et al. [27].

Storage stability was determined by incubating the free (free Gal)
and immobilized (MCC-Gal, ALNC-Gal, e ACNC-Gal) p-galactosidase in
Tris-HCI buffer (50 mM, pH 7.5) at 4 °C. Samples were collected peri-
odically for 90 days to determine the enzymatic activity, as described in
Item 2.2.3. The activity of each f-galactosidase in the first days of
storage was used as control (100%) to calculate the residual activity.

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

Cellular viability determination after incubation with the enzyme
samples was performed using two different methods: the Methyl Thiazol
Tetrazolium (MTT) and neutral red (NR) uptake assays [30,31]. HepG2
and Vero cells were grown in Dulbecco's Modified Eagle Medium
(DMEM) (Invitrogen, US) supplemented with 10% inactivated fetal
bovine serum, 1% antibiotic (penicillin-streptomycin), and 0.01%
antifungal (amphotericin B). Cells were seeded at 5 x 10° (HepG2) or 2
x 10° cells/well (Vero) in a 96-well microtiter plate and incubated
overnight. The supports (MCC, ALNC, and ACNC) and enzyme samples
(Free Gal, MCC-Gal, ALNC-Gal, and ACNC-Gal) (10 and 20 U) were
solubilized in 6 M HySO4, and a 12 M NaOH solution was added drop-
wise until the mixtures reached pH 7.0. Then, samples were incubated
with the cell lines for 72 h at 37 °C under 5% COs. For the MTT assay,
cultures were subjected to the same conditions with MTT reagent (2 mg/
mL) for 4 h, and absorbance was measured at 570 nm using an EZ Read
400 microplate reader (Biochrom®, US). Precipitated purple formazan
crystals were directly proportional to the number of live cells with active
mitochondria. The mean absorbance of vehicle control wells was set as
100% viability, and the values of treated cells were calculated as the
percentage of cell viability. For the NR assay, after 72 h of incubation
with the samples, cells were washed with Phosphate-Buffered Saline
(PBS) before the addition of 200 pL of NR dye solution (25 pg/mL)
prepared in serum-free medium, and the plate was incubated for an
additional 3 h at 37 °C under 5% CO,. Cells were washed with PBS,
followed by incubation with 100 pL 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 viable cells. Absorbance was measured at 562 nm using an EZ
Read 400 microplate reader (Biochrom®, US). Cell viability was
expressed as percentage, considering the vehicle control cell as 100%
cell viability. Statistical analysis was performed using one-way ANOVA

Table 1
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followed by Dunnett's Multiple Comparison post-test using GraphPad
Prism 9 (San Diego, US).

2.2.7. Determination of the reusability of immobilized f-galactosidase

The reusability of immobilized B-galactosidases in a batch process
was assessed by means of the hydrolysis reaction of skim milk lactose
(prepared to 5% w/v lactose). For this purpose, 100 mg of the derivatives
(MCC-Gal, ALNC-Gal, and ACNC-Gal) were incubated at 25 °C for 30
min with 10 mL of milk under rocking and rolling motion (Didatica SP®,
Roller Mixer MRIL, Brazil) at 150 rpm. After each reuse cycle, the
immobilized enzyme was separated from milk by centrifugation (Het-
tich®, Universal 320R, Germany) (1260 xg, 1 min, 25 °C), and the su-
pernatant fluid was collected to establish the degree of hydrolysis using
the colorimetric enzyme kit of oxidase-peroxidase (Labtest®, Glucose
Liquiform, Brazil) to form glucose. The derivative was washed with 2 mL
of Tris-HCl buffer (50 mM, pH 7.5). A new solution of skim milk was
added, starting a new reuse cycle. The degree of hydrolysis of each de-
rivative after the first reuse cycle was defined as 100%.

3. Results and discussion
3.1. Oriented immobilization of recombinant f-galactosidase on cellulose

The recombinant p-galactosidase was immobilized by using enzy-
matic loads ranging from 100 to 300 U/gsupport on different cellulosic
bases (MCC, ALNC, ACNC, and SC). Table 1 shows the results for yield
(activity and protein), efficiency, and expressed activity.

The presence of the CBD tag bound to f-galactosidase enabled a rapid
immobilization (15 min) on the four supports assessed (Table 1). Ac-
tivity and protein yield and expressed activity did not significantly differ
(p < 0.05) for enzymatic loads up to 150 U/gsupport. The derivatives
MCC-Gal, ALNC-Gal, and ACNC-Gal showed efficiency values higher
than 95% regardless of the enzymatic load used. The efficiency value of
the derivative SC-Gal was approximately 80%. This difference between
the derivatives can be attributed to different bonds between p-galacto-
sidase-CBD and chemical groups formed in each cellulose preparation,
which can affect the tridimensional structure of the enzyme and
consequently its enzymatic activity. In the alkaline treatment (ALNC),
the cellulose glycosidic bond was broken, and a double conjugated bond
was formed due to electron transfer [32]. The acid nanocellulose-based
support (ACNC) was produced by occasional depolymerization caused
by the acid medium and the temperature used, resulting in the hydro-
lysis of cellulose o (1 — 4) bonds [33]. The use of DMAc in SC enables
the solubilization of MCC by destroying its crystallinity and hydrogen

Immobilization parameters of p-galactosidase-CBD on the prepared cellulosic supports using different activity loads.

Derivative Immobilization Parameter Activity Load (U/gsupport)
100 150 200 250 300

MCC-Gal Yield (%) 75.75 + 3.42 3¢ 69.79 =+ 3.13 bedef 60.95 + 3.17 f&h 48.43 +2.321 35.68 + 2.45 ¢
Protein Yield (%) 73.77 + 2.88 3¢ 65.09 + 1.80 bede 57.05 + 3.62 f&h 48.66 + 3.56 1 35.03 +2.16 X
Efficiency (%) 103.71 + 2.20 @ 102.13 + 4.61 2 100.28 + 2.97 * 98.64 + 2.75 @ 100.82 + 1.46
Expressed activity (IU/g) 78.51 + 5.84 M 106.88 + 4.57 Pde 118.98 + 5.89 2 119.70 + 2.38 3¢ 107.40 + 7.39 bede

ALNC-Gal Yield (%) 83.81 £ 3.012 75.42 + 2,62 2><d 65.53 & 2.40 < 52.42 + 2,28 &N 42.99 +1.96 Y
Protein Yield (%) 79.78 +3.732 70.63 + 2.56 >°d 63.35 + 2.29 < 49.48 + 2,32 8hi 40.34 +2.87 1Y
Efficiency (%) 101.17 + 2.62 2 101.62 + 1.94 100.26 + 3.07 *° 101.36 + 3.13 % 101.37 + 2.21 ®
Expressed activity (IU/g) 84.74 + 5.58 &1 115.03 + 7.36 2>« 131.49 + 8.46 ° 132.81 +5.37 2 130.78 £7.31°2

ACNC-Gal Yield (%) 78.42 + 2,99 72.61 + 2.17 bede 60.04 + 2.88 °f8 50.87 + 3.44 N 41.28 + 4.40 &
Protein Yield (%) 75.79 + 3.64 2 69.49 + 2.49 bed 58.34 + 2.79 °f¢ 46.92 +3.76 1 38.21 + 3.20 %
Efficiency (%) 101.36 + 2.23 2 99.55 + 3.66 2 103.50 + 3.48 2 96.58 + 1.89 2 99.90 + 3.53 %
Expressed activity (1U/g) 79.44 + 1.30 8N 108.47 + 6.37 bede 124.33 + 6.15 % 122.86 + 5.90 2 123.79 + 8.15

SC-Gal Yield (%) 73.24 + 4.36 °d 73.38 + 4.30 P« 64.42 + 4.48 9¢f 49.64 + 4.13 1 40.78 + 5.16
Protein Yield (%) 71.97 + 1.47 bd 67.64 + 0.87 >d 62.60 & 1.43 9f 45.48 +2.76 1 36.39 + 1.51 K
Efficiency (%) 83.68 + 3.44 ¢ 80.93 + 4.03 78.37 + 4.56 82.52 + 1.96 80.95 + 3.60 ©
Expressed activity (IU/g) 61.38 +5.93 1 89.08 + 6.94 °f&h 100.81 + 6.21 °df 102.40 + 6.67 e 98.69 + 6.20 %f&

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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bond network. Then, polymeric aggregates are produced when the
mixture is dripped in a nonsolvent solution (water, ethanol, acetone, or
methanol) [34].

Immobilization efficiency values were higher in this study than those
observed by Lu et al. [35]. Lu et al. [35] produced p-galactosidase from
Lactobacillus  bulgaricus L3 bound to CBD to synthesize gal-
actooligosaccharides. They observed the immobilization of 97.6 U/gncc
and 61% of efficiency after 20 min of contact using crude enzymatic
extract. Wang et al. [36] also produced a f-galactosidase bound to a
CBD. The recombinant p-galactosidase was purified using a commercial
column with affinity to His-tag and then immobilized using cellulosic
filter paper. Wang et al. [36] reported a yield of 100% and efficiencies
higher than 100% after 2 h of immobilization. Similar results were ob-
tained in this study for the immobilization parameters. Immobilization
parameters were obtained after only 15 min of contact between the
recombinant enzyme and the cellulosic support, and f-galactosidase-
CBD was purified in one step.

The values of expressed activity (106.88, 115.03, and 108.47 1U/g)
of the derivatives MCC-Gal, ALNC-Gal, and ACNC-Gal, respectively, did
not significantly differ (p < 0.05) for enzymatic loads higher than 150 U/
Zsupport- Based on that, they were selected for the characterization ex-
periments with a load of 150 U/gsupport-

Fig. 1 shows the gel electrophoresis of the crude enzymatic extract
(30 pg of protein), supernatant after the immobilization process (10 pg
of protein), proteins immobilized on the cellulosic supports (10 pg of
protein), and free f-galactosidase (10 pg of protein).

Fig. 1 shows the band corresponding to p-galactosidase-CBD (~120
kDa) in the crude enzymatic extract (I). The recombinant enzyme was
not present in the supernatant of the solutions (II, III, and IV). This result
may be attributed both to the binding of the largest part of the enzyme to
cellulosic supports and to the low amount of proteins in the supernatant.
There was also a strong presence of p-galactosidase-CBD in the de-
rivatives MCC-Gal, ALNC-Gal, and ACNC-Gal (V, VI, and VII). This result
proves the functionality and high specificity of the CBD tag in the one-
step purification and immobilization processes of the recombinant
enzyme on cellulosic supports. The enzyme bound to the cellulose was
released by cleaving the protein sequence using the Factor Xa. There-
fore, the purified recombinant f-galactosidase in its soluble form (VIII)
can be obtained by immobilization on cellulose.

kDa

II

111

120
100

50
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3.2. Textural and morphological assessment of the cellulosic supports and
the derivatives produced

Table S2 shows the textural characteristics of the surface area and
pore volume of the cellulosic supports (MCC, ALNC, and ACNC) and the
derivatives obtained (MCC-Gal, ALNC-Gal, and ACNC-Gal). Their
adsorption-desorption isotherms are presented in Fig. S1. The cellulosic
supports and the derivatives produced during the oriented immobili-
zation process showed a type II isotherm, typical of non-porous mate-
rials (Fig. S1) [37], with small surface areas. According to Trache et al.
[38], the surface area and microcrystalline cellulose morphology
depend on the biopolymer origin and the treatment used to obtain it.
The MCC used in this study showed a surface area of about 1.3 m?/g that
did not change after the treatments used to obtain ALNC and ACNC.
After immobilization of the recombinant f-galactosidase, the surface
area of the derivatives MCC-Gal and ACNC-Gal slightly decreased.

Fig. 2 shows the morphological characteristics of the supports MCC,
ALNC, and ACNC and derivatives MCC-Gal, ALNC-Gal, and ACNC-Gal.
After the alkaline (Fig. 2B) and acid treatment (Fig. 2C), the surface
area of cellulose changed: it displayed fragments in blocks and fibers,
respectively. After the oriented immobilization processes of the recom-
binant p-galactosidase (Fig. 2D, E, and F), different agglomerates
appeared on supports' surfaces. Verma and Raghav [39] also observed
that cellulose used as a support for the immobilization of a-amylase
acquired an irregular surface. Verma and Raghav [39] verified through
scanning electron microscopy that the polymeric supports used in the
study acquired an irregular surface due to the severe chemical treat-
ments used to obtain cellulose derivatives.

Table S3 shows the elemental composition of the cellulosic supports
used in the oriented immobilization of recombinant -galactosidase and
derivatives obtained. The treatments used to synthesize the supports
ALNC and ACNC increased the percentage of oxygen in the materials.
Also, the percentage of carbon increased in the three derivatives ob-
tained after the immobilization processes due to enzyme binding to the
support [21].

v VI Vil VIII

Fig. 1. Polyacrylamide gel electrophoresis of the proteins present in different solutions before and after the immobilization on cellulose. M: Page Ruler molecular
weight marker; I: crude enzymatic extract; II, ITI, and IV: supernatant after immobilization with MCC, ALNC, and ACNC, respectively; V, VI, and VII: derivative MCC-
Gal, ALNC-Gal, and ACNC-Gal, respectively; VIII: free p-galactosidase (cleaved from the derivative MCC-Gal with Factor Xa).
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Fig. 2. Images obtained using SEM-FE with magnification of 10.000 x. Cellulosic supports: (A) MCC, (B) ALNC, and (C) ACNC. Derivatives obtained after the
oriented immobilization process of the recombinant p-galactosidase: (D) MCC-Gal, (E) ALNC-Gal, and (F) ACNC-Gal.

3.3. Characterization of the catalytic properties of free and immobilized
p-galactosidase

3.3.1. Determination of reaction conditions (pH and temperature) and
kinetic parameters

The CCD method was used to determine the effect of pH (5 to 9) and
temperature (25 to 75 °C) values in the activity of free and immobilized
p-galactosidases. Table S1 shows the CCD experimental matrix with real
and codified values of the assessed conditions and their respective values
of enzymatic activity obtained in the 11 tests.

The significance values for the enzymatic activity models of Free Gal,
ALNC-Gal, ACNC-Gal, and MCC-Gal were p-value<0.0169, p-val-
ue<0.0543, p-value<0.0103, and p-value<0.0162, respectively. The
response surface of free and immobilized enzymes was obtained based
on the models (Egs. (1)-(4)) (Fig. S2), which demonstrates the rela-
tionship between the enzymatic activity and the reaction conditions of
pH and temperature assessed. The optimal values of pH and temperature
for the activities of Free Gal, MCC-Gal, ALNC-Gal, and ACNC-Gal and
their respective predicted values of enzymatic activity were determined
using optimized mathematical models (Table 2). To validate the models,
the activities of free and immobilized p-galactosidases in the different
cellulosic supports were carried out under optimal pH and temperature

Table 2

Optimal conditions of reaction pH and temperature obtained by the models for
the activity of free and immobilized f-galactosidases and their respective pre-
dicted and observed values.

Free Gal MCC-Gal ALNC-Gal ACNC-Gal
pH 6.90 6.49 6.82 6.72
Temperature (°C) 48.16 42.61 48.11 42.99
Predicted activity” 22.06 111.56 126.98 123.31
Experimental activityy" 19.83 110.63 119.48 117.36

? Free Gal (U/mL); MCC-Gal, ALNC-Gal, ACNC-Gal (IU/g).

312

conditions. Table 2 shows the experimental values. The results show that
the theoretical values predicted by the models for the activities of
B-galactosidases (Free Gal, MCC-Gal, ALNC-Gal, and ACNC-Gal) and
those determined in the experiments have a similarity of about 90%.
As shown in Table 2, the optimal pH values for the activity of re-
combinant free and immobilized $-galactosidases on different cellulosic
supports are close to neutrality. The derivatives MCC-Gal and ACNC-Gal
showed optimal activity conditions at 43 °C, while free Gal and ALNC-
Gal showed higher optimal temperature values, approximately 5 °C.
According to Bayramoglu et al. [40], variations in optimal temperatures
of enzymatic activity may be related to distinct interactions between the

Table 3
Kinetic parameters of free and immobilized p-galactosidases in different sub-
strate solutions.

Ky (mM) Vimax (mM/min) keqe (min~")
ONPG
Free Gal 12.70 + 0.68 2 189.67 + 2.65 = 14.96 + 0.61 *°
MCC-Gal 9.96 + 0.33° 183.33 + 1.46 @ 18.41 +£0.45?
ALNC-Gal 14.94 + 0.85 2 216.33 + 5.45 2 14.50 + 0.49 °
ACNC-Gal 9.93 +0.53° 176.17 + 2.59 ° 17.77 £ 0.67 *
Lactose
Free Gal 46.19 £ 0.73" 338.57 + 1.80 ° 7.33 +0.09°
MCC-Gal 48.98 £1.29° 371.10 + 3.12°2 7.58 + 0.14 °
ALNC-Gal 56.15 + 1.30 2 354.23 + 1.60 6.31 £0.12°¢
ACNC-Gal 41.34 +1.08° 365.10 + 1.76 2 8.83 +0.18 °
Milk
Free Gal 86.85 + 2.09 2 286.63 + 1.39 3.30 + 0.07 ¢
MCGC-Gal 79.46 + 2.69 2 323.70 + 2.43 2 4,08 +0.11 2
ALNC-Gal 80.28 +2.122 309.73 + 2.15 3.86 + 0.08 °
ACNC-Gal 70.25 + 1.55 2 349.70 + 1.51 2 4.41 +0.07 2

Different letters in the same column for each substrate solution represent a
significant difference (p<0.05). Each value represents the mean of three ex-
periments conducted in duplicate and the standard deviation.
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enzyme and the cellulosic support, especially by hydrogen bonds.

The results obtained for optimal pH and temperature conditions of
the free and immobilized enzymes are congruent with those reported by
Wang et al. [36], who immobilized a p-galactosidase with the CBD tag
on cellulose. Wang et al. [36] observed that the optimal conditions of
enzymatic activity did not change after immobilization. This indicates
that the cellulose-binding domain added to the enzyme does not alter
the natural conformation of p-galactosidase after it binds to the
cellulose.

Table 3 and Fig. S3 show the kinetic parameters of free and immo-
bilized p-galactosidases in different substrate solutions. Using ONPG, Ky,
values of the derivatives MCC-Gal and ACNC-Gal decreased approxi-
mately 25% when compared to free Gal. This indicates a significant
increase (p < 0.05) in the affinity of these enzymes immobilized by the
substrate. Regarding the catalytic constant, free and immobilized p-ga-
lactosidases did not differ in the ONPG hydrolysis reaction. Although
Vinax values did not show any significant difference between the B-ga-
lactosidases with the lactose solution, the affinity of the derivative
ALNC-Gal was significantly lower (p < 0.05) than that of the other
enzymatic preparations, resulting in 10 to 30% lower k.4 values. These
results suggest that, in comparison with other supports, the cellulose
structural form after conjugated double bonds (ALNC) negatively affects
the catalytic activity of immobilized p-galactosidase in ONPG and
lactose hydrolysis reactions.

Kinetic parameters were determined in a milk solution (with 5% of
lactose) to enable the application of the immobilized enzymes in the
lactose hydrolysis of dairy products (Table 3). Significant higher values
of Viax and kg indicate that immobilized f-galactosidases (MCC-Gal,
ALNC-Gal, and ACNC-Gal) are more efficient in the lactose hydrolysis of
milk. The comparative results of the kinetic parameters for the lactose
and milk solutions show an increase in Ky; and a decrease in Vipqy and keqr
values. This variation is probably associated with the components pre-
sent in milk, like proteins and mineral salts, which can hinder the as-
sociation between lactose and p-galactosidase's active site [41].

Liu et al. [28] produced and purified a recombinant f-galactosidase
from Bacillus velezensis. Their soluble p-galactosidase showed a Ky, value
9.5 x higher and Vj;qx 33% lower in the lactose hydrolysis reaction in
comparison with ONPG. In the present study, free and immobilized
B-galactosidases showed an increase of 4 x in the affinity value and 2 x
in the Vg value in the lactose hydrolysis in comparison with ONPG.
These results may be related to f-galactosidase structural characteristics,
as the enzyme reported by Liu et al. [28] is a dimer and the enzyme of
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this study is a tetramer with CBDs [20].

Lu et al. [35] also verified that the recombinant p-galactosidase from
L. bulgaricus L3 immobilized on microcrystalline cellulose via CBD (CBD-
BgaL3) showed different values of affinity with ONPG and lactose. After
immobilization, the Kj; values of CBD-BgaL3 for the substrate ONPG
decreased (from 2.50 to 1.51 mM), and the values for lactose remained
constant (~30 mM). Vp,, values decreased approximately 25% for both
substrates.

3.3.2. Assessment of the presence of galactose and different ions in the
enzymatic activity

The inhibition of biocatalysis reactions by the product formed is one
of the main limitations of the application of enzymes in industrial pro-
cesses. The monosaccharide galactose, one of the products of lactose
hydrolysis, is a competitive inhibitor of p-galactosidase [42]. In the
present study, the enzymatic activities were determined under
increasing galactose concentrations to assess their effect on free (free
Gal) and immobilized (MCC-Gal, ALNC-Gal, and ACNC-Gal) p-galacto-
sidases (Fig. 3).

Fig. 3 shows that the enzymatic activity of free Gal is more affected
by the inhibition of galactose in a dose-dependent manner, decreasing
approximately 45% of its initial activity under galactose concentration
of 5%. In the same condition, immobilized p-galactosidases (ALNC-Gal
and MCC-Gal) showed higher values of relative activity (lower inhibi-
tory effect) in comparison with the commercial K. lactis -galactosidase
and free Gal. The free and immobilized enzymes in this study were less
inhibited by galactose in comparison with the commercial Aspergillus
oryzae p-galactosidase immobilized on silver nanoparticles [43]. The
fungal enzyme in its free form retained only 25% of its activity in the
presence of 5% of galactose, while the immobilized enzyme retained
52% of its activity. According to Mateo et al. [44], the decreased inhi-
bition of the enzymatic activity of immobilized p-galactosidases by
galactose may be related to conformational changes in the enzyme.
These changes are caused by adhesion to the support and may limit the
interaction of the enzyme with the inhibitor.

In the industrial sector, p-galactosidase is used to hydrolyze the
lactose present in milk and dairy products. However, these products
have different mineral salts, like sodium, potassium, magnesium, and
calcium. The effect of these ions on the enzymatic activity has been
assessed, as they directly affect the interaction between the substrate
and the enzyme active site [45]. Information about the action of metallic
ions in enzymatic reactions can enhance catalytic efficiency by the
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Fig. 3. Effect of different galactose concentrations (% m/v) in the activities of free and immobilized p-galactosidases on different cellulosic supports. (lll) Free Gal;
(O Commercial K. lactis B-galactosidase; (@) MCC-Gal; (a) ALNC-Gal; (o) ACNC-Gal.
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selection of the ionic specificity of the enzyme [46]. Therefore, the
enzymatic activity of free and immobilized p-galactosidases (Table S4)
was assessed in the presence of the ions Na*, K+, Mg?*, Ca%*, Cl~, and
SO42’ after 30 min of contact with the enzymes (Table S5).

The assessed ions, except Ca?*, caused an activation effect on the
enzymatic activities of the recombinant soluble f-galactosidases (free
Gal) and p-galactosidases immobilized in an oriented way on cellulosic
supports (MCC-Gal, ALNC-Gal, and ACNC-Gal). The cation Mg>"
increased the enzymatic activity above 40% (Table S4) and up to 25%
(Table S5) for p-galactosidases immobilized on cellulosic supports. Lo
etal. [47] showed that Mg?" interacts with some regions adjacent to the
active site of -galactosidase, increasing its enzymatic activity.

Liu et al. [27] assessed the effects of different metallic ions on the
enzymatic activity of the recombinant p-galactosidase from B. velezensis
(BsGal1332). Liu et al. [28] observed that, among the different metallic
ions assessed (Na* K* Ag*, Mg?*, Ba**, Ca®*, Mn?*, Co?", Zn?*, Cu®*,
Fe?*, and Fe®"), only K* increased the activity of BsGal1332. The
presence of Mg*? decreased the enzymatic activity by 15%, and the ion
Ca?* did not affect the activity variation of the recombinant p-galacto-
sidase. Khan and Husain [48] investigated how metallic ions present in
milk affect the functional structure of the immobilized f-galactosidase
from Aspergillus oryzae on native and polyaniline chitosan nano-
composites. The authors observed an increase in the enzymatic activity
on both nanocomposites in the presence of the cations K™ and Ca". The
results reported by Liu et al. [28], Khan and Husain [47], and this study
show different effects for the same ions, suggesting that the f-galacto-
sidase source and the immobilization protocol (bond type to the sup-
port) affect the interaction between the enzyme and metallic ions.

3.3.3. Assessment of thermal and storage stabilities

The enzymes used in industrial processes should be stable under the
operational conditions. Therefore, free Gal, MCC-Gal, ALNC-Gal, and
ACNC-Gal were incubated at different temperatures (55, 60, 65, and
70 °C), and their parameters of thermal inactivation were assessed
(Table 4).

The inactivation kinetic constant (k) values showed a linear increase
with higher temperatures under the assessed conditions. Consequently,
the half-life time decreased progressively. The p-galactosidase immobi-
lized on cellulose in an oriented way showed higher thermal stability
than the soluble recombinant enzyme at all temperatures assessed. At
lower temperatures (55 and 60 °C), the derivatives ALNC-Gal and
ACNC-Gal showed the highest thermal stability values. However, at 65
and 70 °C, p-galactosidase immobilized on MCC was more stable. De
Andrade et al. [17] used His-tag for the oriented immobilization of a
f-galactosidase on magnetic nanoparticles with nickel. They also
observed an increase in the thermal stability of the immobilized enzyme.
These results possibly indicate that enzymes immobilized by oriented
bonds are less susceptible to conformational changes and consequently
have higher thermostability.

Information about the stability of the enzyme stored for long periods
is also relevant for its application in industrial processes. Thus, the free
enzyme and the three derivatives produced were stored for 90 days at
4 °C (Fig. S4).

After two months of storage, the enzymes MCC-Gal and ALNC-Gal
retained approximately 70% of their initial activity. After 90 days, the
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three derivatives showed relative enzymatic activity values above 50%.
However, free Gal showed lower stability, retaining 37% of its initial
activity. According to Zhang et al. [49], the immobilization process in-
creases enzymes' tridimensional structure rigidity, resulting in higher
storage stability.

3.4. Cytotoxicity investigation of the obtained supports and derivatives

The evaluation of the cytotoxicity of the supports and immobilized
B-galactosidases (Fig. 4) is necessary for their application in the food
industry [50]. Therefore, MTT and NR assays were performed to verify
the cell viability of HepG2 and Vero cultures after their incubation in the
presence of the supports and derivatives produced. The MTT technique
is based on induced damage to mitochondria, evaluating the activity of
mitochondrial dehydrogenases, quantified by the reduction of MTT to
formazan [30]. NR, on the other hand, measures cell viability based on
lysosomal activity, in which viable cells, with their lysosome func-
tioning, retain the dye in their structures [31]. The two methods studied
(MTT and NR), in all preparations (supports, derivatives and free
enzyme), revealed the cell viability of HepG2 and Vero was greater than
90%, compared to the negative control (DMEM). According to Dioguardi
et al. [51] and Dahl et al. [52], cell viability responses >90% are clas-
sified as non-cytotoxic. In the present study, even with the chemical
modifications carried out on cellulose, the supports (MCC, ALNC, and
ACNC) used for the immobilization of $-galactosidase proved to be non-
toxic. The incorporation of the recombinant enzyme to these supports
(MCC-Gal, ALNC-Gal, and ACNC-Gal) resulted in no significant changes
(p < 0.05) in the values obtained. Therefore, the derivatives produced
can be safely used in the food industry, as well as in other biotechnology
sectors.

3.5. Assessment of the reusability of immobilized f-galactosidases

The possibility to reuse enzymes is one of the main advantages of
immobilization. For that reason, the derivatives produced in this study
were used in sequential hydrolysis reactions of milk lactose (5% of
lactose). Fig. 5 shows the results of relative lactose hydrolysis of the
derivatives MCC-Gal, ALNC-Gal, and ACNC-Gal.

After five reaction cycles, the three derivatives assessed retained
80% of their capacity to hydrolyze lactose, and this capacity remained
constant until the 20th reuse cycle. The three derivatives produced were
used in lactose hydrolysis processes for 40 reuse cycles and retained the
hydrolysis values between 53 and 64%. After 40 batches of reuse, the
derivatives MCC-Gal, ALNC-Gal, and ACNC-Gal showed higher relative
enzymatic activities of 59.23, 60.78, and 51.47%, respectively. Between
the 20th and 40th reuse cycles, the derivative MCC-Gal showed the
highest potential to hydrolyze skim milk lactose under the conditions
assessed. Probably, the decrease in the hydrolysis capacity of the de-
rivatives along the reuse cycles is due to enzymatic inactivity, enzyme
detachment, and loss of derivative mass during the washing processes
after each cycle [53].

Lu et al. [35] used a p-galactosidase-CBD immobilized on MCC to
hydrolyze a lactose solution (40% m/v) at 45 °C for 75 min. After 20
reuse cycles, the derivative retained approximately 85% of its initial
capacity. Those values are similar to those obtained in this study. Wang

Table 4
Parameters of thermal inactivation of free (free Gal) and immobilized p-galactosidases on cellulosic supports.
p-galactosidase 55 °C 60 °C 65 °C 70°C
k tya SF k tye SF k ty2 SF k ty2 SF
(min~1) (min) (min™) (min) (min™) (min) (min™) (min)
Free Gal 2.14 0.32 - 2.28 0.30 - 2.80 0.25 - 2.86 0.24 -
MCC-Gal 1.24 0.56 1.73 1.42 0.47 1.57 1.55 0.45 1.81 1.60 0.43 1.78
ALNC-Gal 1.16 0.60 1.85 1.23 0.56 1.86 1.68 0.41 1.66 1.85 0.37 1.54
ACNC-Gal 1.17 0.59 1.84 1.57 0.46 1.53 1.68 0.41 1.67 2.01 0.35 1.43
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Fig. 5. Reuse of immobilized B-galactosidases on cellulosic supports in hydrolysis reactions of skim milk lactose (5% of lactose) at 25 °C for 30 min. (l) MCC-Gal;

(@) ALNC-Gal; (A) ACNC-Gal.

et al. [36] assessed the reusability of a f-galactosidase-CBD immobilized
on cellulosic filter paper and observed that the enzyme retained only
30% of its initial capacity after 9 reuse cycles. Probably, higher stabil-
ities to reuse processes of the immobilized p-galactosidases obtained in
this study are related to the origin and preparation of the cellulose used
(chemically treated commercial MCC).

4. Conclusion
This is the first study that purifies and immobilizes a -galactosidase

from Kluyveromyces sp. with the CBD tag in one step by binding it to
different cellulosic supports. By using enzymatic loads of 150 U/gsupport,
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approximately 70% of p-galactosidase-CBD were immobilized on
microcrystalline cellulose, nanocellulose obtained from alkaline hy-
drolysis, and nanocellulose obtained from acid hydrolysis in 15 min of
reaction, showing expressed activity values of 106 to 55 IU/g.
B-Galactosidase-CBD retained 100% of its catalytic activity. The strong
presence of B-galactosidase-CBD in the derivatives showed the high ef-
ficiency of the CBD tag in the purification and immobilization processes
of the recombinant enzyme on the supports. The kinetic parameters
(Vinax and kcq) indicate that the p-galactosidases immobilized on the
three supports are more efficient to hydrolyze milk lactose than to hy-
drolyze its pure substrates (lactose and ONPG). The B-galactosidase-CBD
immobilized in an oriented way on microcrystalline cellulose and
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nanocellulose obtained from alkaline hydrolysis was less inhibited by
galactose in comparison with the commercial Kluyveromyces lactis
p-galactosidase and the soluble p-galactosidase. The ions Na™, K+, MgZ*,
Cl~, and SO4%~ showed an inhibition effect on the enzymatic activity of
B-galactosidases immobilized in an oriented way and recombinant sol-
uble p-galactosidases on cellulosic supports. Cellulosic supports and
obtained derivatives showed no cytotoxic effect on cell viability of
HepG2 and Vero cultures. The three derivatives produced showed high
operational stability in the hydrolysis of milk lactose and retained from
53 to 64% of their hydrolysis capacity after 40 reuse cycles. The pro-
cesses of purification and oriented immobilization of the recombinant
p-galactosidase via CBD-binding to micro and nanocellulosic materials
developed in this study contribute to the development of sustainable and
economically viable bioprocesses.
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