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Abstract

This study evaluated the lactose hydrolysis by immobilized B-galactosidase, which was produced by Kluyveromyces
marxianus using porungo cheese whey as substrate. Initially, the yeast was cultivated in porungo cheese medium
at 30 °C and 200 rpm, showing a maximal B-galactosidase production of 14.19 U mL™". The crude extract obtained
was used to evaluate the enzymatic hydrolysis in lactose solution. The optimal pH and temperature of the free and
immobilized enzyme was investigated, whereas the lactose hydrolysis was carried out using two enzyme solutions
(total activities of 2 U and 6 U) for both forms of the biocatalyst. Ca-alginate immobilization of B-galactosidase
increased optimal temperature range to 40 °C, compared to the value for the free enzyme, which was 37 °C. The
optimal pH was also increased by immobilization to 7.0, from pH 6.5 observed for the free enzyme. The highest
lactose hydrolysis conversion was 15.82% using 6 U of free enzyme and 13.77% for 2 U of immobilized enzyme.
Although, free enzyme showed higher conversion rates in the initial reaction time, the immobilized enzyme kept
operational stability throughout reaction time, suggesting the advantage of using this technology. The use of
porungo cheese whey allowed to aggregate value to this agro-industrial by-product, with the concomitant
production of B-galactosidase to be used in the food industry chain itself.
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Resumo

Este trabalho analisou a hidrdlise da lactose por [B-galactosidase imobilizada, produzida por Kluyveromyces
marxianus, utilizando soro de queijo porungo como substrato. Inicialmente, a levedura foi cultivada em meio soro
de queijo porungo, nas condi¢des de 30 °C e 200 rpm, apresentando producdo méaxima de B-galactosidase de 14,19
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U mL". O extrato bruto obtido foi utilizado para avaliar a hidrdlise enzimatica em solugdo de lactose. O pH e a
temperatura 6timos da enzima livre e imobilizada foram investigados, e a hidrélise da lactose foi realizada utilizando
duas solugdes enzimaticas (atividades totais de 2 U e 6 U) para ambas as formas do biocatalisador. A imobilizagdo
de B-galactosidase com alginato de calcio aumentou a faixa de temperatura étima para 40 °C, em comparagdo com
a faixa de temperatura 6tima da enzima livre, que foi de 37 °C. O pH 6timo também foi aumentado com o uso da
imobilizacdo quando comparado ao pH 6timo da enzima livre, alcancando pH 7,0 frente ao pH 6,5 observado para
a enzima livre. A maior conversao de hidrélise de lactose foi de 15,82% usando 6 U de enzima livre e 13,77% para
2 U de enzima imobilizada. Embora a enzima livre tenha apresentado maiores taxas de conversdo no tempo inicial
de reacdo, a enzima imobilizada manteve estabilidade operacional ao longo do tempo de reacdo, sugerindo a
vantagem do uso desta tecnologia. O uso do soro de queijo porungo permite agregar valor a esse subproduto
agroindustrial com a concomitante produgdo de B-galactosidase para uso na propria cadeia da industria alimenticia.

Palavras-chave: Residuos agroindustriais; B-galactosidase; Hidrélise enzimatica; Imobilizacdo enzimatica; Lactose;
Soro de queijo.

1 Introduction

The use of agro-industrial by-products or residues, such as cheese whey, as cheap and alternative substrates in
biotechnological processes have been widely researched to obtain added-values biomolecules and has encouraged
development of new strategies in bioprocess technology (Christensen et al., 2011; Gabardo et al., 2016). Cheese
whey is the main residue of the dairy industry, presenting some problems for its discharge because of its high organic
load and the high amount of it that is daily produced worldwide. The global production of whey was estimated at
around 200 million tons per year, with an annual growth rate of 1.64 (Fischer & Kleinschmidt, 2015; Das et al., 2016;
Domingos et al., 2018). Whey has a Biological Oxygen Demand (BOD) ranging from 30 g L™ to 50 g L', with an
estimated 50% of this amount being disposed of in wastewater treatment plants or used as raw feeding in farms (Siso,
1996; Guimaraes et al., 2010; Gabardo et al., 2014; Das et al., 2016). Due to its nutrient composition, rich in lactose
(45-50 g L), protein (6-8 g L), lipids (4-5 g L"), and mineral salts (5-7 g L"), the remaining volume of the cheese
whey have a potential to be applied in bioprocess as substrate for microbial growth to obtain several biomolecules,
especially enzymes such as [-galactosidase, serving as alternative carbon low-cost to production of food industry
(Siso, 1996; Guimardesetal., 2010; Prazeresetal., 2012; Domingosetal., 2018; Coelhoetal., 2021;
Bolognesi et al., 2021).

Porungo cheese is manufactured by farmers using raw milk and has similar characteristics of mozzarella
cheese, being produced in the southwestern region of Sao Paulo State, in Brazil. It naturally contains a large
number of lactic bacteria prevenient from fermented whey of the previous cheese production (Pezzo, 2017,
Coelho et al., 2021; Bolognesi et al., 2021). Until now, our research groups are a pioneer group to investigate
the biotransformation of porungo cheese whey in bioprocess.

The enzyme B-galactosidase is produced in bioprocess using yeasts such as Kluyveromyces lactis, K. fragilis,
K. marxianus (Grosova et al., 2008; Pereira et al., 2012; Fai & Pastore, 2015; Falleiros, 2016). This enzyme is
widely used by the food industry to obtain low-lactose products by the enzymatic hydrolysis of lactose. The use
of B-galactosidase is the most important biotechnological process used in the food industry, which offers benefits
in areas such as health and food technology (Grosova et al., 2008; Rosenberg, 2006; Husain, 2010; Davani-
Davari et al., 2019; Bolognesi et al., 2021). Considering that approximately 75% of world adult population suffers
from some limitation concerning milk consumption and other dairy products, technologies that can improve the
quality of life should be valued, in which lactose hydrolysis is one way to remedy this situation. Further
technologies of enzyme immobilization can improve on several advantages in this process (Grosova et al., 2008;
Husain, 2010; Klein et al., 2013).

The main advantage of enzyme immobilization is the reuse of the immobilized biocatalyst, reducing costs
associated with the process. Among the main advantages of the technique are the improvement in operational
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and thermal stability, recovery and reuse of the enzyme, ease in separating enzyme from reaction medium,
and reduction of contamination of the final product (Krajewska, 2004; Panesar et al., 2010; Sheldon & Van
Pelt, 2013). The use of low-cost supports, such as alginate, is an interesting alternative for industrial use of
immobilized enzymes because this support allows high enzymatic retention, resistance to changes in pH and
temperature (Amsden & Turner, 1999; Serp et al., 2000; Bolognesi et al., 2021).

Regarding these considerations, this study aimed to investigate the lactose enzymatic hydrolysis by
- galactosidase produced in porungo cheese whey medium in fermentations of K. marxianus. Free and
immobilized enzymes were tested, and the optimal pH and temperature of the enzyme were also investigated.

2 Materials and methods

2.1 Porungo cheese whey

The porungo cheese whey was provided by farmers located in the southwest of the State of Sdo Paulo, in Brazil
(geocoordinates 23°29°04.2”S and 48°20°14.7°W). This material was stored frozen in a freezer at -16 °C.

2.2 Microorganisms

Kluyveromyces marxianus CCT 4086 was donated by Biotechnology and Biochemical Engineering
Laboratory of the Food Science and Technology Institute of the Federal University of Rio Grande do Sul, in
Brazil. The yeast cells were kept at 4 °C in YEP-Lactose medium, composed of yeast extract (10 g L),
bacteriological peptone (20 g L), lactose (20 g L'!) and agar (20 g L™).

2.3 B-galactosidase production

The enzyme was produced in a medium containing porungo cheese whey supplemented with 3 g L' of yeast
extract. The porungo cheese whey used in this work was composed of water (93.25%), lactose (4.30%), proteins
(1.09%), lipids (0.30%), dry extract (6.76%) and ashes (0.53%), analyzed by our research group (Coelho et al., 2021).
The culture conditions followed procedures according to a previous work of our group (Coelho et al., 2021). To avoid
precipitation during autoclaving, whey proteins were hydrolyzed using a commercial protease (Alcalase 2.4 L,
2.4 UA-A g, Tovani Benzaquen Ingredients, Sao Paulo, Brazil) at pH 8.5, 55 °C for 3 h. Inocula was prepared by
transferring one isolated yeast colony to 250 mL Erlenmeyers containing 50 mL of YEP-lactose medium and
incubated in an orbital shaker at 200 rpm for 15 h and at 30 °C. Cell concentration was standardized for optical density
at 600 nm (DO 600nm) equal 1.0. The enzyme production was carried out in 250 mL Erlenmeyers, containing 45 mL
of sterilized cultivation media (121 °C for 15 min) and 5 mL of inoculum, at 30 °C and 200 rpm. Samples were
withdrawn periodically at each 5 h up to 25 h of cultivation to determine lactose concentration, biomass and
enzymatic activity. All experiments were performed in duplicate.

2.4 Analytical methods

2.4.1 Enzymatic extraction by mechanical cell disruption

The enzyme was extracted using glass pearls and a vortex mixer. The culture medium was centrifuged at
3,000 x g for 15 min and the cell pellet resuspended in 0.1 M of phosphate buffer (pH 7.3) using 1.1 g of glass pearls
for each mL of cell suspension (Medeiros et al., 2008), agitated in a vortex for eight (8) cycles of 5 min. The disrupted
cell suspension was centrifuged (3,000 x g, 15 min) and the enzyme extract was used to determine enzyme activity.
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2.4.2 Biomass and lactose concentration

Cell concentration was determined using calibration curve correlating optical density at 600 nm with dry
cell weight (g L) (Gabardo et al., 2014). Lactose concentration was determined by the 3,5-dinitrosalicylic
acid (DNS) method (Miller, 1959) in spectrophotometer at 540 nm using lactose calibration curve as standard
(linearity range of 0.5 g L' to 5.0 g L', R* = 0.9948).

2.4.3 Enzymatic activity

Enzymatic activity of [B-galactosidase was determined using o-nitrophenyl-B-D-galactopyranoside
(ONPGQG) as a substrate (Klein et al., 2013). The reaction was carried out by mixing 50 pL of crude enzymatic
extract and 0.5 mL of activity buffer composed of 0.1 M of potassium phosphate buffer (pH 7.0), containing
1.5 mM of magnesium chloride (MgCl,) (activity buffer) and 10 mM of ONPG for 2 min at 37 °C. The
reaction was stopped by the addition of 0.1 M of sodium carbonate buffer (pH 10.0). The o-nitrophenol
(ONP) released was determined using spectrophotometer at 415 nm. One unit of enzymatic activity (U) was
defined as the amount of enzyme needed to release 1 pmol of ONP per minute under analysis conditions.

2.4.4 B-galactosidase immobilization

The B-galactosidase immobilization was carried out in calcium alginate (Ca-alginate) beads. The enzymatic extract
was dissolved in activity buffer to obtain either 2 U or 6 U in the total volume of 10 mL, and this were added in a
solution a solution containing 5% of sodium alginate, previously dissolved in potassium phosphate buffer (0.1 M and
pH 7.0) and containing 1.5 mM of magnesium chloride (MgCly). This mixture was dripped through peristaltic pump
into a flask containing 0.05 M of calcium chloride solution (CaCl,) using a needle-coupled syringe (6 x 0.25 mm).
Afterward, the formed beads (diameter of 3.0 + 0.5 mm) were gently agitated for 30 min and kept in contact with this
solution for 1 h, at 4 °C to stabilize the system. The activity of immobilized enzyme was determined as described
above using a total of seven (7) beads as equivalent volume of 50 pL used in the reaction.

2.5 Optimal pH and temperature for free and immobilized B-galactosidase

The influence of temperature on enzymatic activity of free and immobilized B-galactosidase was
determined by varying temperature between 20 °C and 60 °C, in an activity buffer at pH 7.0. The influence
of pH of activity of free and immobilized -galactosidase was determined using activity buffer at 37 °C, in a
pH ranging from 5.5 to 8.0. The residual enzymatic activity was determined according to methodology
described above. The tests were performed in triplicate.

2.6 Lactose hydrolysis

Enzymatic hydrolysis of lactose was carried out using free and immobilized extract of -galactosidase
using enzyme (2 U or 6 U) in lactose solution (50 g L) prepared in activity buffer. The enzymatic hydrolysis
of lactose processes was performed in a batch system using conical flasks incubated in an agitated water bath
(50 rpm) at 37 °C and pH 6.5. Samples were withdrawn at different times and placed in ice bath to stop
reaction instantaneously. Subsequently, glucose concentration was measured by the oxidase-peroxidase
colorimetric method, using enzyme kit for glucose determination (Labtest, Minas Gerais, Brazil) in a
spectrophotometer at 505 nm. The conversion rate of lactose present in whey from porungo cheese was
calculated according to Equation 1:

Copy X MM,
Conversion rate of lactose (%) =Mx100 €))
Ciyge x MM glu
where Cyy, is related to the glucose concentration, MM, is the molar mass of lactose, Ciac is the initial

lactose concentration and MMy, is the molar mass of glucose.
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3 Results and discussion

3.1 Kinetics of enzyme production

The kinetics of lactose consumption, biomass production and enzymatic activity are shown in Figure 1.
The lactose was practically exhausted from medium at 20 h of cultivation, with a total of 85% consumed
(7.69 g L"), whereas maximum B-galactosidase activity was measured at 15 h, reaching 14.19 U mL™!. These
values were similar with those reported by Coelho et. al. (2021), who found the maximum [B-galactosidase
activity of 17.53 U mL™! in 20 h of cultivation using the same strain of K. marxianus under the same
conditions. Santiago et al. (2004) studied the B-galactosidase synthesis from K. marxianus ATCC 46537
using cheese whey with or without supplementation with yeast extract (at 30 °C, 150 rpm, pH 5.5) and
observed a maximum of enzymatic activity of 20.00 U mL™ and 12.00 U mL™!, respectively. The results were
in agreement with findings reported by Rech et al. (1999) who studied the B-galactosidase production by two
strains of K. marxianus, CBS 712 and CBS 6556 (at 30 °C, 200 rpm and pH 5.5), reporting maxima enzymatic
activities of 5 U mL™! for CBS 712 and approximately 10 U mL™! for CBS 6556. The CBS 6556 strain grew
in fresh cheese whey, while the CBS 712 strain required cheese whey supplemented with yeast extract.
Braga et al. (2012) investigated the influence of supplementation of cheese whey with yeast extract, reaching
10.45 U mL™! of maximum enzymatic activity. As explained above, the need for supplementation of cheese
whey for B-galactosidase production was similarly reported by several researchers.
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Figure 1. Kinetics of Kluyveromyces marxianus CCT 4086 growing in porungo cheese whey supplemented with yeast extract
at 200 rpm and 30 °C. Lactose (-e-). Biomass (-m-). Enzymatic activity (-*-). Results are the mean of duplicates.

In fact, B-galactosidase is an intracellular enzyme, and cell disruption is essential to its extraction. Although
mechanical methods are not specific, they have high efficiency and wide application compared to other methods of
extraction, there is no need to remove contaminants otherwise present if chemical methods are used. Therefore, -
galactosidase can be directly applied in food (Numanoglu & Sungur, 2004; Medeiros et al., 2008).

3.2 Optimal temperature and pH of free and immobilized B-galactosidase

The activity of free and immobilized B-galactosidase was determined at temperatures ranging from 20 °C to 60 °C
and at pH values ranging from 5.5 to 8.0. The effect of pH and temperature on the relative activity of the free and
immobilized B-galactosidase are represented in Figure 2. Free and immobilized enzyme showed maximum
enzymatic activity at 37 °C (Figure 2a). Immobilization increased range of enzyme activity when compared to free
enzyme, showing higher values of relative activity for temperatures between 40 °C and 60 °C (12% to 20%). This is
probably a consequence of the increased protective effect provided by immobilization support, which allows
reduction of enzymatic inactivation and operational stability (Grosova et al., 2008; Panesar et al., 2010). Under the
temperature of 45 °C the residual activity of immobilized enzyme was 84.1%, whereas for the free enzyme it was
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67.5%. In addition, enzymatic immobilization allowed reduction of contamination of the final product, the recovery
of the biocatalyst and its reuse in further cycles of reaction (Krajewska, 2004; Grosova et al., 2008; Panesar et al.,
2010). These results are in agreement with reports by Klein et al. (2013), who also observed an increase in the enzyme
activity for B-galactosidase immobilized on glutaraldehyde-activated chitosan compared with free enzyme, for all
temperatures tested (10 °C to 70 °C). At 50 °C the relative enzymatic active was around 90% whereas for free enzyme
was around 78%. A similar behavior was verified by Alves (2008) using immobilized B-galactosidase from
K. marxianus CCT 7082 immobilized in calcium alginate, that observed the highest enzymatic activity at 37 °C and
its decrease for temperatures above this. At 45 ° C, the relative enzyme activity for immobilized enzyme was 83%,
whereas for free enzyme it was 67%. Song et al. (2010) found 37 °C as optimal temperature of enzymatic activity,
when testing different temperatures (17-42 °C), using p-galactosidase of K. fragilis immobilized on silica-
gluteraldehyde. At 42 °C, the relative enzymatic activity for immobilized enzyme was around 86%, whereas for free
enzyme it was around 61%. In this work, both free and immobilized enzymes showed decreased enzymatic activity
above 40 °C, since PB-galactosidase of yeasts are unstable above this temperature (Illanes et al.,1998), and are
generally more thermo labile than those of the filamentous fungi and bacteria (50-60 °C) (Freitas, 2017).
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Figure 2. Effects of temperature (a) and pH (b) on the enzymatic activity of B-galactosidase free (-e-) and
immobilized (-0-). Results are the mean of duplicates.

The effect of pH on enzymatic activity is shown in Figure 2b. The optima activities for free and immobilized
j- galactosidase were 6.5 and 7.0, respectively, shifting the optimum pH range of the immobilized biocatalyst, but
not increasing its range in relation to the free form. This behavior can be explained by possible diffusion effects inside
the beads containing the enzyme, which produces resistance to mass transfer in the support of immobilization. Despite
several advantages of the immobilization in Ca-alginate systems, the main limitation of this technique is the
diffusional barrier of substrates and products through the support. High enzyme density can difficult the contact
between enzyme and substrate (Gabardo et al., 2011; Pilkington et al., 1998). The shift of the optimum pH of the
enzyme from 6.6 to 7.7 after immobilization of B-galactosidase from K. lactis on graphite surfaces was reported by
Zhou & Chen (2001), which suggested that this is caused by enzymatic load of protein and graphite surfaces.
Similarly, Song et al. (2010), after immobilizing -galactosidase of K. lactis in chitosan macroparticles, reported
increased optimum pH from 6.5 to a wider range between 6.5 and 8.0, suggesting a strong stabilizing effect in the
enzyme. Jochems et al. (2011) tested B-galactosidase adsorbed in membranes containing zirconium dioxide and
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observed a change in the optimal pH from 6.5 to 7.0. The authors suggested that this was caused by the
microenvironment around the membrane. The support can change the pH value in the surrounding environment of
the enzyme catalytic site by changing the concentration of the charged species (Klein et al., 2013).

3.3 Lactose hydrolysis

The lactose hydrolysis rate into glucose and galactose by free and immobilized -galactosidase produced
from K. marxianus CCT 4086 is shown in Figure 3. The maxima conversion rates were 14.93% and 15.82%
for enzyme solution of 2 U and 6 U, respectively, after 210 min of reaction (Figure 3a). The enzyme solution
of 6 U showed a kinetic slightly faster compared to 2 U, due to the higher amount of enzyme available to
react with substrate. The lactose conversion was reduced over time of 900 min (15 h) for both lactose
solutions, owing to the lowest sugar remaining available to react. The better conversion rate was obtained
using a lactose solution of 50 g L'. Thus, the subsequent tests were carried out using this lactose
concentration and the immobilized enzyme. The lactose conversion by B-galactosidase immobilized (2 U
and 6 U) (Figure 3b), showed the lower enzyme (2 U) producing higher values in conversion rate, reaching
13.77%, in 1,440 min of the reaction, compared to 7.91% in 150 min for the immobilized enzyme. However,
the main advantage was observed for immobilized enzyme solution of 2 U because it allowed the operational
stability, maintaining constant the conversion rate, whereas using 6 U a decreased was verified, again
possibly caused by more difficult mass transfer inside the particle (Gabardo et al., 2011; Pilkington et al.,
1998).The conversion values would probably be higher if the enzyme was partially or totally purified, since
the crude enzymatic extracts contain other similar proteins that can decrease the final volumetric activity as
a consequence of surface competition of the support by other proteins. In addition, enzymes present in smaller
amounts may have the opposite catalytic activity, decreasing the specificity of the biocatalyst (Barbosa et al.,
2015; Fan et al., 2017). Although no inhibition tests were carried out, the conversion rate was probably not
caused by inhibition of galactose. It is known that complete lactose hydrolysis is difficult to achieve due to
inhibition by galactose and glucose in P-galactosidases, which can delay the hydrolysis process or even
interrupt the reaction (Park & Oh, 2010; Zhao et al., 2018; Zhang et al., 2018).
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Figure 3. Conversion rate of lactose solution hydrolysis (50 g L™!) by (a) free and (b) immobilized B-galactosidase in
solution of 2 U (-e-) and 6 U (- A-) at 37 °C. Results are the mean of duplicates.
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Comparing the lactose hydrolysis by free and immobilized enzymes of 2 U (Figure 4), a faster initial lactose
conversion rate into glucose was observed for the free enzyme, but afterwards the immobilized enzyme could reach
values of conversion rate close to free form (after 450 min), in contrast maintaining the conversion rate constant. The
immobilized enzyme reached a conversion rate of 12.04% at 210 min of the reaction, whereas free [3-galactosidase
reached 14.93% at 210 min. The slower kinetics at initial catalysis by immobilized enzyme can be explained due to
the encapsulation inside Ca-alginate that may hinder the accessibility of the substrate to its active-site (Haider &
Husain, 2009). However, after 450 min the catalysis were similar for free (13.70%) and immobilized (13.11%) forms,
indicating the operational stability provided by the immobilization technique. Similar results were described by
Morschbécher et al. (2016), who observed a conversion rate of 18% in 240 min for a commercial enzyme solution
(525 U) (Lactozym® 3000L), which was much higher than the concentration in the present work. When the authors
increased the immobilized enzyme solution to 1050 U, a high conversion rate was observed, thus reaching at 54%.
When testing glutaraldehyde, a crosslinking agent, the authors observed a decrease in conversion rate to 5% (525 U),
a value of conversion lower than that observed in present study. This probably has been caused by the high reactivity
of glutaraldehyde, that forms bonds between enzyme and immobilization support and may distort active site of the
enzyme, leading to a loss of enzyme activity (Alonso et al., 2005; Betancor et al., 2006). In short, it can be observed
in this research that lactose conversion rate varied from 1.62% to 15.82% for different variables such as lactose
solution concentration, reaction time, enzyme concentration and free and immobilized enzyme, demonstrating that
these variables influence the lactose hydrolysis process, but confirming that the immobilized enzyme provides
operational stability for the system. Moreover, the results are promising for future studies concerning the application
in foods because K. marxianus is recognized as a Generally Recognized as Safe (GRAS) by the Food and Drug
Administration (FDA) (Rubio-Texeira, 2006; Lane et al., 2011), in addition to the characteristics of alginate being a
non-toxic and inexpensive support (Serp et al., 2000; Gabardo et al., 2016).
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Figure 4. Conversion rate of lactose solution (50 g L") by free (-e-) and immobilized enzyme (-0-) from enzyme
solution of 2 U at 37 °C. Results are the mean of duplicates.

4 Conclusions

The porungo cheese whey showed to be a promising substrate to produce B-galactosidase, as well as
allowing added-value to this agro-industrial by-product, i.e., reducing environmental damage. The
immobilization technique of the enzyme increased an optimal temperature range for the enzyme and provided
the maintenance of the operational stability of the system in hydrolysis tests. The B-galactosidase produced
by K. marxianus CCT 4086 demonstrated it biotechnological potential for reducing the amount of the lactose
in solutions, such as the cheese whey.
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