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Abstract 

This study aimed at producing galactooligosaccharides (GOS) from Porungo cheese whey in 
immobilized enzyme bioreactors. The β-galactosidase was produced, concentrated, and immobilized 
on chitosan-genipin supports. Initially, GOS production was conducted in conical flasks, 
investigating three different variables: enzyme concentration (50 U/mL - 150 U/mL), Porungo cheese 
whey concentration (200 g/L - 400 g/L), and temperature (37 – 43 ºC). The highest GOS yields (15.24 
%) occurred under intermediate process conditions (100 U/mL, 300 g/L, 40 ºC), reaching a GOS 
concentration of 27.04 g/L. These conditions were then used in a packed-bed column bioreactor 
operated in batch mode, achieving yields of 19.72 %. Repeated batches were carried out, and the 
system was stable until the fifth cycle, with enzyme activity remaining at 83.56 % of the initial level. 
Continuous bioreactors were conducted, varying feed flow rates (1 mL/h - 3 mL/h), with the highest 
yields and lactose conversion occurred for the longest residence time (24.63 % and 68.38 %), 
respectively, with high GOS concentration (44.14 g/L). Microorganisms isolated from Porungo cheese 
showed the ability to metabolize the GOS produced, demonstrating its prebiotic potential. This work 
can contribute to optimizing the production of GOS, an important product for pharmaceuticals and 
food industries. 

Keywords: agro-industrial residues; β-galactosidase; galactooligosaccharides; immobilized 
bioreactor; continuous systems 
 

1. Introduction 

Well-being and health concerns have driven researchers to develop alternative technologies to 
synthesize increasingly versatile biomolecules through new production processes to meet an 
increasingly demanding market [1–3]. Prebiotics have been steadily increasing the interest of the 
scientific community due to their ability to not only meet nutritional needs but also to enable better 
health conditions along with the proper functioning of the organism [2–4]. Galactooligosaccharides 
(GOS) are an important class of dietary oligosaccharides that are not digestible by the human body 
and act as prebiotics [1,3,5–7]. These nutrients contain in their structure terminal glucose residues 
and galactose monomers linked by glycosidic bonds of the type Gal β(1→3), Gal β(1→6), Gal β(1→4), 
and may present different degrees of polymerization, configurations or even chemical compositions, 
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depending on the process conditions as well as on the microbial origin of the enzyme used in the 
reaction [3,4,8–10]. Among the main benefits of GOS consumption are the bifidogenic effect, 
suppression of pathogenic bacterial activity, decreased incidence of infections and colon cancer, 
reduced formation of toxic metabolites, increased mineral absorption, and strengthening of the 
immune system [4,11]. In this context, GOS synthesis has been widely studied for application in 
different industrial sectors, such as food, pharmaceutical, and, more recently, agricultural [1,9,12]. 

GOS are enzymatically synthesized through a transgalactosylation reaction catalyzed by β-
galactosidase (EC 3.2.1.23), which is favored by the high concentration of lactose and high 
temperatures [1,13]. This reaction must be strictly controlled due to the competition that occurs 
between the two reactions performed by the β-galactosidase, that is, lactose hydrolysis and 
transgalactosylation [2,9,13,14]. Nevertheless, improvements regarding the process of obtaining GOS 
are continuously investigated, with the enzyme immobilization approach being one of the potentially 
promising strategies to allow for greater catalyst stability, in addition to being a potentially reusable 
resource with easy product recovery [15–19]. Furthermore, the reuse of biocatalysts leads to a 
reduction in operating costs and enables the continuous bioreactor system [3,17,20–25]. Considering 
the above aspects, it is evident that enzymatic immobilization leads to an increase in productivity as 
well as a reduction in the costs associated with the process of obtaining the final product 
[19,23,24,26,27].  

In addition to these advantages, the sustainable production of GOS has been widely reported 
using dairy waste, currently recognized as a by-product of industrial processes, such as cheese whey, 
which is an alternative and inexpensive source of substrate [23,25,28,29]. The valorization of this 
industrial by-product is an important strategy, considering the reduction of environmental impact 
due to the inadequate disposal of these resources, as well as the potential recovery of nutrients with 
high biological value, contributing to the sustainable generation of biotechnological products [22–
25,30–33]. Approximately 50 % of cheese whey produced is used in the food sector and 
pharmaceutical formulations, the remaining volume is of considerable amount to be used in 
bioprocesses to obtain biotechnological products with high added value [3,15,19,23,25,29,34].   

In this sense, the present research aims to study the use of Porungo cheese whey to obtain 
galactooligosaccharides (GOS) by means of enzymatic immobilization technology, using different 
bioprocess approaches and column bioreactors with different operating modes (Figure 1).  
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Figure 1. General scheme and strategy of the proposal used in this study for the GOS production. 1) Porungo 
cheese whey obtained in cheese production process; 2) Production of β-galactosidase by K. marxianus CCT 4086; 
3) Downstream stage: extraction, concentration and partial purification of the enzyme; 4) Immobilization and 
characterization of the β-galactosidase produced; 5) Use of the concentrated β-galactosidase for GOS production 
by different bioprocess strategies (shaker and bioreactor); and, 6) GOS prebiotic potential by microorganisms 
isolated from Porungo cheese. 

2. Materials and Methods 

2.1. Materials 

Porungo cheese whey was provided by farmers located in the southwest of the State of São 
Paulo, Brazil (geocoordinates 23º29’04.2”S and 48º20’14.7”W). K. marxianus CCT 4086 was provided 
by Tropical Culture Collection of André Tosello Foundation (Campinas, Brazil), both donated by 
Biotechnology & Biochemical Engineering Laboratory (BiotecLab), of the Food Science and 
Technology Institute (ICTA) of the Federal University of Rio Grande do Sul, Brazil. Chitosan (from   
shrimp   shells, ≥75% deacetylated), genipin (≥98%), ONPG (O-nitrophenyl-β-D-
galactopyranoside), Bradford reagent, D-glucose, D-galactose and lactose were obtained from   
Sigma–Aldrich (São Paulo, Brazil).   All solvents   and   other   chemicals   were   of   
analytical   grade. 
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2.2. Methods 

2.2.1. Production, Extraction, and Partial Purification of the Enzyme 

The β-galactosidase enzyme production was carried out under the optimized conditions 
previously established by our research group [35], using the yeast Kluyveromyces marxianus CCT 4086 
(30 ºC, 200 rpm and pH 7.0), using Porungo cheese as substrate, containing 4.99 % of lactose and 0.81 
% of protein (Appendix A1), during 24 h of cultivation. The inoculum was adjusted for optical density 
1.0 at 600 nm (OD600nm), which corresponded to 1.4 g/L (dry weight) of strain K. marxianus CCT 4086, 
added as 10 % volume of the final fermentation volume. To avoid protein precipitation during the 
sterilization process, the cheese whey was previously hydrolyzed with commercial protease (Alcalase 
2.4 L, Tovani Benzaquen Ingredients, SP, Brazil), at 55 °C, pH 8.5 for 3 h. For cell recovery, the 
fermentation medium was centrifuged (3 000 × g for 15 min) and the cell pellet was resuspended in 
0.1 M phosphate buffer (pH 7.3) for further enzymatic extraction. Cell disruption was carried out by 
two methods: mechanical disruption and chemical solubilization of cell wall. The former was 
performed according to the modified method of Medeiros [36], using 1.1 g of glass beads (between 
0.6 and 0.85 mm in diameter) per mL of suspension culture with a vortex for abrasion, and the latter 
was performed by adding chloroform 2 % (v/v) to the cell suspension and incubation at 150 rpm, 37 
ºC, 17 h. Subsequently, the enzyme concentration was evaluated by 3 different strategies, the first two 
using chemical agents, namely an 80 % saturated ammonium sulfate solution and acetone, while the 
third used ultrafiltration membranes (10 kDa). Precipitation was performed using 80 % saturated 
ammonium sulfate solution, as described by Lima [37], at 4 ºC for 24 h, after which the mixture was 
centrifuged (12 000 × g, 30 min, at 4 ºC), and the precipitate was resuspended in 0.1 M potassium 
phosphate buffer (pH 7.0) and then desalted by dialysis through a 10 kDa membrane (GE Healthcare).  
Acetone precipitation was evaluated according to the modified methodology of Li [38], where three 
times the volume of crude enzyme extract was added under gentle stirring (4 ºC), followed by resting 
(20 min, -8 ºC) and centrifugation (12 000 × g, 30 min, 4 ºC). The precipitate was then evaporated and 
resuspended in 0.1 M potassium phosphate buffer (pH 7.0). 

2.2.2. Optimal pH and Temperature of Free and Immobilized Enzyme 

The immobilization of β-galactosidase was performed using two approaches: 1) using calcium 
alginate; and 2) using a chitosan-genipin complex. Immobilization in calcium alginate was performed 
according to the methodology of Bolognesi [39], where a solution containing 5 % sodium alginate 
was mixed with the β-galactosidase and then dripped through a peristaltic pump containing a 
needle-coupled syringe with a 0.05 M calcium chloride (CaCl2) solution to form spheres. 
Immobilization in chitosan was performed according to the method described by Klein [40]. Beads 
were prepared by dissolving 2 % in 0.35 M acetic acid and dropped into the coagulation solution 
containing 1 M sodium hydroxide and 26 % ethanol. The beads were then washed with distilled water 
to neutrality, followed by activation with 0.5 % genipin for 3 h with gentle shaking, and kept in 
contact with β-galactosidase solution for 5 h with gentle shaking (4 ºC). The optimal pH of enzyme 
activity concerning both free and immobilized enzymes on the two different immobilization support 
materials was evaluated using a 0.1 M potassium phosphate buffer containing a 1.5 mM magnesium 
chloride (MgCl2) solution at 37 ºC, with a pH range of 5.5 to 8.0. The optimum enzyme activity 
temperature for free and immobilized enzymes on both supports was found to be in the range of 20 
ºC to 60 ºC, at pH 7.0. Enzymatic activity was determined according to the methodology described 
below.  

2.2.3. GOS Production in Shaker 

GOS yield using immobilized β-galactosidase on chitosan-genipin supports was determined by 
evaluating the influence of several variables: temperature (37 ºC to 43 ºC), immobilized enzyme 
concentration (50 U/mL to 150 U/mL), and concentration of Porungo cheese whey (200 g/L, 300 g/L 
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and 400 g/L). All tests were performed using 125 mL conical flasks filled with 30 % of the reaction 
volume and chitosan-genipin beads. All experiments were performed in duplicate. Samples were 
collected periodically, centrifuged (3 000 × g for 15 min), and filtered through a cellulose acetate 
membrane (0.22 µm) for further analysis of sugars and galactooligosaccharides.  

2.2.4. GOS Production in Bioreactor  

The production of GOS using a packed-bed batch column bioreactor (Figure 2) was carried out 
under the conditions described in the previous step. The bioreactor was operated in batch mode at a 
temperature of 40 ºC with 300 g/L Porungo cheese whey, using β-galactosidase immobilized on the 
chitosan-genipin support (100 U/mL), which filled 60 % of the volume of the bioreactor column. 
Temperature control was kept by a thermostatic bath coupled to the water jacket of the bioreactor. 
The operational stability of the system was evaluated in bioreactors operated in a repeated batch of 
7 cycles (4 h each) for a total of 28 h of reaction. At the end of each cycle, the same volume of substrate 
was immediately added to the bioreactor to start the new cycle. Samples were collected periodically 
and treated as described in section 2.4. All experiments were carried out in duplicate. 

 

Figure 2. Schematic of the experimental apparatus for the continuous GOS production process using a packed-
bed column bioreactor containing the enzyme immobilized in genipin-chitosan spheres. 

The continuous packed-bed bioreactor was operated at varying feed rates (1 mL/h - 3 mL/h) 
using Porungo cheese whey (300 g/L) and β-galactosidase immobilized on chitosan-genipin (100 
U/mL). The feeding was started after 3 h of batch operation. Temperature control was kept by a 
thermostatic bath coupled to the water jacket of the bioreactor (40 ºC). Samples were collected 
periodically and processed as described in section 2.4. All experiments were carried out in duplicate. 
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2.2.5. GOS as a Potential Prebiotic 

Two strains isolated from Porungo cheese, Lactococcus QP 40 and Streptococcus QP 32, and a 
commercial strain, Lactococcus lactis ATCC 19435, were used to evaluate their ability to metabolize 
GOS. The inoculum was prepared from the different strains in MRS medium (37 ºC, 50 rpm, for 18-
20 h). A 10 % aliquot (OD600nm = 1.0) was then added to a 250 mL conical flask containing 50 mL MRS 
plus GOS (37 ºC, 50 rpm, for 96 h). The MRS medium was used as a control for the 3 strains tested 
here. All experiments were performed in duplicate, and samples were collected periodically. Samples 
were centrifuged (3 000 × g, 15 min) to determine biomass and then filtered with a cellulose acetate 
membrane (0.22 µm) for further analysis of HPLC sugar consumption. 

2.2.6. Analytical Methods 

The enzymatic activity of free β-galactosidase was performed using ONPG (o-nitrophenyl-β-D-
galactopyranoside) as substrate, according to the methodology described by Klein [17], and the 
determination of released o-nitrophenol (ONP) was performed with a spectrophotometer at 415 nm. 
The amount of protein in the enzymatic solutions was analyzed according to the methodology of 
Bradford [41], using bovine serum albumin (BSA) as a standard protein, with a spectrophotometer at 
595 nm. The determination of cell concentration was performed according to the methodology 
proposed by Gabardo [23], by measuring the absorbance in a spectrophotometer (OD600nm) and 
correlating it with dry weight (g/L) using a calibration curve. GOS and monosaccharide analyses 
were performed by high-performance liquid chromatography (HPLC) (Shimadzu SCL-10A) 
equipped with a Shimadzu RID-10A detector using a SUPELCOGEL Ca+2 column (30 cm × 7.8 mm). 
The column and detector temperatures were maintained at 80 °C and 40 °C, respectively. Samples 
were eluted with Milli-Q water at a flow rate of 0.5 mL/min, and the chromatograms were integrated 
using the software LC solution. The identification of the different carbohydrates was done using 
external calibration based on commercially available standards.  

2.2.7. Statistics 

Data were statistically evaluated by analysis of variance (ANOVA) using Statistica 12.5 software 
(StatSoft, USA). 

3. Results 

3.1. Production, Extraction, and Partial Purification of the Enzyme 

Before the extraction and purification, β-galactosidase was produced by fermentation on 
Porungo cheese whey as substrate according to a method optimized by our research group [35]. As 
a result, the maximum enzymatic activity reached 17.46 U/mL, and after 15 h of cultivation, the 
remaining lactose in the medium was only 4.66 g/L (Appendix A2), corresponding to 91 % of lactose 
consumption. Since β-galactosidase is intracellular, cell disruption is an essential step in obtaining 
this enzyme [36,37,42]. In the present study, two methods of K. marxianus cell disruption, mechanical 
and chemical, were tested. Although the glass bead abrasion disruption method showed similar 
enzymatic activity values as the chloroform solubilization of cell wall method (Table 1), it was 
observed that the specific enzymatic activity (44.21 U/g ± 3.64 U/g) was higher when the chemical 
method was used. Similar results were obtained by Numanoglu and Sungur [43] when comparing 
the physical and chemical methods of K. lactis ATCC 8583 disruption. The authors reported that the 
enzymatic activities were practically the same when testing the mechanical disruption with glass 
beads (2.66 µmol/min.mg cell) as well as with the chloroform-ethanol solution (3.0 µmol/min.mg 
cell), further emphasizing that the physical method was chosen to avoid the probable risk of toxicity 
associated with this chemical procedure. In contrast, Dagbagli and Goksungur [42] reported that the 
mechanical disruption of K. lactis NRRL Y-8279 cells with glass beads (3,038.9 U/g cells) was more 
efficient than disruption using either Triton X-100 (1,888.8 U/g) or SDS (964.3 U/g). Mechanical 
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methods seem to be more efficient and more widely applicable than chemical methods, even though 
less specific. Chemical cell wall digestion, on the other hand, presents toxicity risks and requires 
downstream procedures to treat the generated wastes, in addition to being corrosive to the 
equipment [36,43,44]. The mechanical disruption technique was found to be more suitable in this 
work, considering that the objective was to use the β-galactosidase enzyme to obtain GOS for food 
applications.  

Table 1. Total enzyme activity, total protein, and specific activity of β-galactosidase obtained from K. marxianus 
CCT 4086 using different strategies of cell disruption and of the enzyme concentration. . 

Cell Disruption Method Total Enzyme Activity (U) Total Protein (mg) Specific Activity (U/mg) 

Vortex shaker cell lysis   17.33 ± 0.42       0.49 ± 0.05 38.91 ± 2.60 

Chloroform autolysis   17.35 ± 1.89       0.40 ± 0.08 44.21 ± 3.64 

Enzyme Concentration Approaches 

Crude extract 237.2 ± 0.59      7.50 ± 0.19 31.63 ± 3.49 

75% Acetone 9.00 ± 0.03      2.70 ± 0.01 3.40 ± 0.41 

80% Saturation Ammonium 
Sulfate 127.05 ± 2.27      9.00± 0.16 14.07 ± 2.40 

Ultrafiltration (10 kDa)  1640.80 ± 19.07   568.05 ± 3.73 8.66 ± 0.64 

Concentrated cell  
suspension 517.90 ±11.33     47.50 ± 0.64 10.90 ± 0.09 

Different enzyme concentration strategies were evaluated since the produced enzyme should be 
used in column bioreactors filled with immobilized enzyme supports. Acetone, saturated ammonium 
sulfate solution (80 %), and ultra-filtration through 10 kDa membranes were tested (Table 1). The 
concentration achieved by the chemical methods using ammonium sulfate and acetone resulted in a 
significant reduction of the specific enzymatic activity (53.57 %), approximately 10 times lower than 
that obtained in the unconcentrated crude enzymatic extract (31.63 U/mg), respectively. This is 
probably because the concentration reached with these chemical agents can destabilize the ionic 
charges of the enzyme, changing the polarity of the solution and thus altering the stability of the 
enzyme, leading to instability, decreased activity, or even denaturation. Although the ammonium 
sulfate solution increased the total protein (9.00 mg), the total activity of the enzyme decreased (127.05 
U), indicating that this method does not have a high purification rate, despite a good recovery. Similar 
results were verified by Gul-Guven [45] and Heidtmann [46], where the enzyme concentration 
obtained using 50 % and 70 % ammonium sulfate solutions led to a decrease in the specific enzymatic 
activity of β-galactosidase (45.4 % and 16.8 %, respectively).  

Concentration by membrane ultrafiltration (10 kDa) showed a more than 6-fold increase in total 
enzyme activity (1640.80 U), but an approximately 3-fold decrease in specific activity (8.66 U/mg). As 
the crude enzyme extract is composed of several other uninteresting enzymes, it is possible that high 
molecular weight proteins were retained by the 10 kDa membrane. This hypothesis was confirmed 
by SDS gel (data not shown) by comparing the molecular weight of the proteins in the crude enzyme 
extract within the sample containing the concentrated enzyme extract and the sample purified by 
cation exchange chromatography in comparison to the commercial enzyme (Maxilact LGi 5000). In 
addition, the presence of a band in the 150 kDa region was observed for the crude and commercial 
enzyme samples. According to the literature, β-galactosidase from Kluyveromyces sp. strains have a 
molecular weight ranging from 120 kDa to 200 kDa [47–49]. Considering that the immobilization 
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processes require enzymes with high enzymatic activities and low interference, the present study 
also adopted the strategy of concentrating the cell suspension (6 times) before its disruption (Table 
1), resulting in a 56.6 % increase in enzymatic activity (69.24 U/mL) and total enzymatic activity 
(517.90 U) in comparison with the crude enzymatic extract. In addition, a high specific enzymatic 
activity (10.90 U/mg) was found compared to that concentrated by membrane (10 kDa). The cell 
suspension concentration approach not only represents a reduction in the number of operations in 
the process, but also generating lower waste amount when compared to the chemical methods tested.  

3.2. Optimal pH and Temperature of β-Galactosidase Activity 

The activity of free and immobilized β-galactosidase on different support materials was 
determined at temperatures ranging from 20 oC to 60 oC and at pH levels ranging from 5.7 to 8.0 for 
both the enzyme produced in this work and the commercial one. The immobilization yield was 
determined for both supports, being 64.24% for chitosan-genipin and 72.47 % for alginate, 
nevertheless, the highest immobilization efficiency was for chitosan-genipin support (55.68%), being 
almost 32% times higher as alginate (37.99%). The pH variation tests (Fig. 3A) for the produced 
enzyme demonstrated that both the free enzyme and its immobilized form on chitosan support 
exhibited optimal activity at pH 6.5. Conversely, immobilization on calcium alginate extended the 
range, with optimal activity at pH 7.0. Furthermore, the relative enzyme activity at pH 6.0 was 73.94 
% and 61.6 % for the chitosan-genipin and calcium alginate supports, respectively. However, at pH 
7.0, the values were 70.65 % and 100 %, respectively, for the chitosan-genipin and alginate supports. 
These results suggest that the chitosan-genipin support provided greater stability at a slightly more 
acidic pH, while the alginate showed greater relative activity at a slightly more basic pH. 

The optimal temperature (Figure 3B) for the free enzyme (11.23 U/mL) was found to be 37 °C. It 
was observed that immobilization in alginate extended the thermal stability range up to 40 °C, with 
a relative activity of 98.62 %, whereas the immobilization in the chitosan-genipin support resulted in 
an increased thermal stability range (37 °C-45 °C), maintaining the relative activity between 95.8 % 
and 100 %. This confirms the advantages of the immobilization system and the increased thermal 
stability of it [16]. Another advantage of this technique is that it allows for the reuse of the enzyme in 
the reaction medium, enabling the use of a continuous process [15,16]. Bolognesi [39] reported that 
immobilization with calcium alginate increased the optimal pH range of K. lactis β-galactosidase. 
Hackenhaar [19] observed that the immobilization process using genipin as a crosslinker and used in 
the optimal pH range, noted an increase in the optimal temperature range of the immobilized enzyme 
when compared to the free enzyme. Similarly, Klein [50] observed a shift in the optimal pH range of 
immobilized A. oryzae β-galactosidase to more acidic values when using chitosan-genipin supports. 
However, the authors did not detect any changes in the optimal temperature compared to the free 
enzyme. Among the advantages of immobilization are the expansion of the activity range at different 
pHs and increased thermal stability, which allows for improved operational stability and the reuse 
of the biocatalyst [16,17,39]. 
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Figure 3. Effect of the pH (A) and temperature (B) on the activity of β-galactosidase produced by K. marxianus 
CCT 4086. β-galactosidase free activity (●), immobilized on alginate (◼), and on chitosan-genipin (▲). 

3.3. GOS Production in Shaker 

The production of GOS using the crude β-galactosidase extract was performed with the analysis 
of three different process variables: temperature (37 °C-43 °C), enzyme concentration (50 U/mL-150 
U/mL), and Porungo cheese whey concentration (200 g/L-400 g/L). The highest GOS production was 
observed at a temperature of 40 °C, with 23.91 g/L of GOS3 obtained in 6 h of reaction, reaching a 
maximum yield of 9.21 % and lactose conversion of 55.58 % (Figure 4A,B). These values are 15.7 % 
and 37.3 % higher than those obtained at 37 °C (7.96 % and 40.47 %), and slightly higher than those 
obtained at 43 °C (8.63 % and 53.21 %), respectively. Higher temperatures favor the 
transgalactosylation reaction over the hydrolysis reaction. Following these observations, it can be 
inferred that the lower GOS production at 37 °C (19.97 g/L) in comparison to that obtained at 40 °C 
is not due to enzyme stability issues, but rather to the negative effect observed at lower temperatures 
on the transgalactosylation reaction. Thus, the best temperature for GOS production should not be as 
high to reduce enzyme activity, but not as low to render the transgalactosylation process ineffective. 
Similar results were reported by González-Delgado [51], when testing the influence of temperature 
on GOS production (40 °C to 60 °C), verifying that temperatures above 40 °C impaired the production 
of these biomolecules, causing the thermal denaturation of β-galactosidase from K. lactis (Lactozym 
Pure 6500), with best yields (12.18 %)      achieved for lactose solution (250 g/L) at 40 °C. Srivastava 
[52] investigated GOS synthesis (200 g/L lactose, 40 ºC) by permeabilizing yeasts of the K. marxianus 
and K. lactis species, reaching a maximum yield of 36 % for the first strain tested. The authors also 
reported inactivation of the enzyme at 60 ºC.   
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Figure 4. Kinetics of lactose consumption (A) and GOS production (B) at different temperatures, and the 
influence of the immobilized enzyme concentration (C) and Porungo cheese whey concentration (D) on GOS 
yield and lactose conversion, in shaker at 150 rpm for 6h of reaction. Temperature of 37 ºC (◼), 40 ºC (●), 43 ºC 
(▲), Yield ( ) and Conversion ( ). 

The Tukey test showed statistical differences (p<0.05) between enzyme concentration of 100 
U/mL and the other two concentrations, 50 U/mL and 150 U/mL, but not between these last two for 
GOS yield and lactose conversion. The influence of enzyme concentration on GOS production can be 
seen in Figure 4C. The highest GOS yields (15.24 %) and lactose conversions (50.34 %) were achieved 
at the 100 U/mL concentration, while the lowest values of these kinetic parameters were obtained at 
the 50 U/mL concentration (10.22 % and 21.41 %), respectively. For the enzymatic concentration of 
150 U/mL, intermediate values of yield and conversion were reached (12.57 % and 32.66 %), 
indicating a possible limitation in the mass transfer on the surface of the most enzyme-loaded matrix 
(150 U/mL), thus hindering the access to the substrate and impairing the efficiency of the process. 
González-Delgado [51] analyzed GOS synthesis from the K. lactis β-galactosidase (250 g/L lactose, 40 
°C, pH 7.0) at different enzymatic concentrations (2 U/mL - 20 U/mL), finding the highest yield (12.5 
%) at the 5 U/mL concentration, suggesting that higher concentrations of enzyme tend to increase the 
hydrolysis over that of transgalactosylation. Conversely, González-Cataño [53] evaluated the impact 
of the concentration of K. lactis β-galactosidase immobilized in polysiloxane-polyvinyl alcohol (POS-
PVA) (3 U/mL to 6 U/mL) on GOS production in batch reactors with stirred tanks (270 g/L, 40 ºC), 
obtaining a maximum GOS concentration (25.46 g/L) for the highest enzymatic concentration tested. 

Regarding the influence of substrate concentration on GOS production (Figure 4D), the highest 
GOS yield (15.24%) and lactose conversion (50.34%) were observed at the intermediate concentration 
(300 g/L), resulting at a GOS production of 26.5 g/L within a four-hour reaction period. The higher 
substrate concentration (400 g/L) resulted in lower GOS yields (12.99%) and conversion values 
(47.16%) when compared to those obtained at the intermediate substrate concentration. Thus, even 
when a higher concentration (32.8 g/L) was obtained, the presence of a considerable amount of 
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unconverted lactose resulted in lower yields. High lactose concentrations generally favor the 
transgalactosylation process due to the excess of hydroxylated galactose compounds (GOS), which 
bind to the galactose resulting from hydrolysis, as well as the decreased percentage of water 
molecules available to accept galactose residues [17,39,54]. Very high concentrations of lactose, such 
as 400 g/L, can reduce the efficiency of the process due to the competitive inhibition of galactose on 
enzymatic activity [55]. The results suggest that low substrate concentrations of 200 g/L produced 
reduced yields (8.35%) and lactose conversion with a high conversion rate (64.32%), which can be 
attributed to the conversion of not only GOS through transgalactosylation, but also the formation of 
undesirable by-products, such as glucose (54.25 g/L) and galactose (35.33 g/L), probably due to the 
concomitant hydrolysis reaction, given the greater presence of water in this solution. The Tukey test 
showed statistical differences (p<0.05) between the substrate concentration of 200 g/L and the other 
two evaluated, 300 g/L and 400 g/L, but not between the last two for GOS yield and lactose 
conversion. 

Similar results were observed by Martínez-Villaluenga [56], who reported that GOS yields went 
from 14.8 % to 17.1 % when increasing the lactose solution concentration from 150 g/L to 250 g/L 
using K. lactis β-galactosidase (40 °C and pH 7.5). Likewise, González-Delgado [51] and Zhang [57] 
obtained the highest GOS yields (11.6 % to 15.9 % and 20.54 % to 30.63 %), respectively, when 
increasing the lactose concentration (50 g/L to 250 g/L and 200 g/L to 400 g/L), using A. aculeatus β-
galactosidase (60 °C and pH 6.5) and Lactobacillus plantarum β-galactosidase (35 °C and pH 7.0). 
Hackenhaar [19] showed the effect of lactose concentration in cheese whey and whey permeate (30 
% and 40 %, pH 7.0, 50 ºC), and obtained the highest concentration of GOS for the highest lactose 
concentration of both substrates (159.4 g/L and 168.8 g/L), with yields of 40 % and 42 %, respectively. 

3.4. GOS Production in Batch and Repeated Batch Bioreactors 

Figure 5A presents the kinetic profile of the conversion of lactose to GOS in a packed-bed column 
bioreactor in batch mode. It is possible to observe that the GOS concentration reached the maximum 
(20.45 g/L) in 2 h of reaction, with 68.35 % of consumption of the initial substrate. In addition, a 
maximum GOS yield of 19.72% and productivity of 10.22 g/L.h were achieved, being 62.49% higher 
than that obtained with the shaker (6.29 g/L.h). Comparing the results of batch bioreactors for GOS 
yield and lactose conversion with those obtained shaker, under the same process conditions, higher 
values of these parameters were obtained (29.39 % and 33.11 %, respectively). There is a substantial 
increase in the surface contact area between immobilized enzyme-substrate, improving process 
performances [23]. The packed-bed reactor allows the concentration gradient along the height of the 
reactor column, providing more efficient enzymatic reaction at the beginning of the process, and thus, 
enabling higher yields. González-Cataño [53], obtained yield values of 25.46 % for GOS production 
in a stirred tank reactor (270 g/L lactose, 40 °C and pH 7.1) using K. lactis β-galactosidase covalently 
immobilized to polysiloxane-polyvinyl alcohol (POS-PVA) activated with glutaraldehyde. Misson 
[58], reported GOS yields and lactose conversion (41 % and 88 %, respectively) in a disk stack column 
reactor using K. lactis β-galactosidase immobilized on chemically modified electrospun polystyrene 
nanofibers (PSNF) under the conditions of lactose 300 g/L, 40 ºC, pH 7.2.  
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Figure 5. Kinetics of GOS production from Porungo cheese whey in a batch packed-bed bioreactor system (A), 
the relative β-galactosidase activity (B) and the kinetic profile of GOS production (C) in repeated-batch bioreactor 
for 7 consecutive cycles of 4h each, at 40 °C, using Porungo cheese whey (300 g/L). Lactose concentration (■), 
glucose (●), galactose (▲) and GOS (*). 

The kinetics of obtaining GOS from Porungo cheese whey conducted in repeated batch 
bioreactors (Figure 5B and 5C) shows that β-galactosidase kept its activity at 83.56 % for up to 5 cycles 
of reuse (Figure 5A), indicating the operational stability of the process. Additionally, a slight increase 
over the first cycles was observed about the substrate consumption (73.46 % to 89.13 %) and GOS 
yield (19.22 % to 20.44 %), remaining constant until the fifth cycle (Figure 5C). This means that 
enzymatic immobilization allows not only the efficient reuse of the biocatalyst but also the 
operational stability of the process, hence allowing the reduction of costs associated with the process 
[31]. From the sixth cycle onwards, there was a drastic loss of operational stability of the system, and 
this may be due to the enzyme washout, causing the system to destabilize and to a drastic reduction 
in yield. Hackenhaar [19] obtained stable GOS production systems for up to 10 cycles, in which 74 % 
of initial enzymatic activity and 40 % GOS yield were observed, using an orbital shaker (whey 
permeate at 554 g/L, 50 ºC, pH 7.0) with β-galactosidase (Bacillus circulans) immobilized on chitosan 
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beads. Urrutia [59], also obtained stable GOS production systems for up to 10 cycles, and observed a 
GOS yield of 28.8 % (lactose solution of 50 %, pH 4.5, 60 ºC) using β-galactosidase (Aspergillus oryzae) 
immobilized on chitosan beads. Liu [60] studied K. fragilis β-galactosidase immobilized on magnetic 
nanospheres with polyethylenimine for GOS production (20 % lactose solution, 30 °C, pH 6.5), 
achieving 31.0 % yield, with the enzyme keeping 84.6 % of its initial activity after 15 cycles. Lu [61] 
immobilized β-galactosidase expressed by E. coli (with the cloned Lactobacillus bulgaricus L3 gene) to 
synthesize GOS (400 g/L lactose, 45 °C, pH 7.6), obtaining a high yield of 49 %. After 20 cycles, the 
GOS yields remained at 40 %, showing the efficiency of the system. 

3.5. GOS Production in Continuous Bioreactor 

Continuously operated packed-bed bioreactors were tested under three different volumetric 
flow rates of fresh medium. The Tukey test showed statistical differences on GOS yields (p<0.05) 
between the 1 mL/h flow rate compared with 2 mL/h and 3 mL/h, but not between the latter two. For 
lactose conversion, all flow rates tested differed from each other. As shown in Figure 6A and 6B, 
system stabilization was observed for the flow rates of 1 mL/h and 2 mL/h, indicating that a steady 
state was achieved. The highest yield values of 24.63% and productivity of 5.87 g/L.h were obtained 
for the lowest flow rate tested, reaching GOS concentration of 44.14 g/L (Table 2). The kinetic 
parameters were optimal at the lowest feed flow rate as well. This may be attributed to the longer 
residence time, which allows the substrate to be available for the reaction for a longer period in the 
bioreactor column. At flow rate of 1 mL/h, a yield 28.44 % higher than that obtained at the flow rate 
of 2 mL/h (19.18%), and approximately three times higher than that obtained at the flow rate of 3 
mL/h (8.35%) was observed. Significant increases in lactose conversion (80 % and 4-fold increase) and 
volumetric productivity (approximately 2 and 6-fold increase) were observed when compared to 
those obtained at 2 mL/h and 3 mL/h flow rates, respectively. The behavior observed for the tests at 
the highest flow rate (3 mL/h) suggests the possibility of a system washout (Figure 6A and 6B), as 
evidenced by the significant increase in lactose concentration, reaching 85.27 % of the initial substrate 
concentration. This result can be explained by the short residence time of the substrate inside the 
bioreactor, limiting its optimized conversion into a product.  
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Figure 6. Profile of lactose concentration (A) and GOS production (B) in a continuously operated packed-bed 
column bioreactor, at 40 ºC, from Porungo cheese whey (300 g/L) using β-galactosidase immobilized on chitosan-
genipin as biocatalyst for three different feed rates: 1 mL/h; 2mL/h and 3 mL/h, and the comparison (C) between 
GOS yield, lactose conversion, productivity and maximum GOS concentration conducted in different bioprocess 
systems. GOS yield (●), lactose conversion (◼), productivity, Qp (▲), and GOS concentration (*). 

Table 2. Values of GOS yield, lactose conversion, and productivity for continuous packed-bed bioreactors for 
the three tested flow rates. 

Flow Rate (mL/h)   GOS Yield (%)   Lactose Conversion (%)    Qp (g/L.h) 
1.0 24.63 ± 1.98 68.38 ± 2.45 5.87 ± 0.44  
2.0 19.18 ± 3.45 37.97 ± 2.84 2.57 ± 0.37 
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3.0 8.35 ± 3.58 16.78 ± 2.19 0.47 ± 0.33 

These results were consistent with those reported by Hackenhaar [62], who used immobilized 
A. oryzae galactosidase in chitosan activated with glutaraldehyde in a packed-bed reactor (40 °C, 300 
g/L lactose solution), varying the substrate feed rate from 0.44 mL/min to 2.2 mL/min, and obtained 
a total maximum GOS production of 71.2 g/L at the lowest flow rate tested (0.44 mL/min), 
corresponding to a GOS yield of 23.7 %, which decreased considerably (38.7 g/L) at higher feed rates. 
The authors observed a conversion of lactose that was 1.7 times lower (39.7 %) than that observed in 
the present study. In contrast, Klein [17] employed immobilized K. lactis galactosidase in 
glutaraldehyde-activated chitosan with a packed-bed reactor operated continuously at varying flow 
rates (1 mL/min to 15 mL/min), resulting in the lowest yield (6.5 %) and lactose conversion (58 %) for 
the lowest flow rates tested (3.1 mL/min). The authors suggested that the lower synthesis of GOS was 
due to the hydrolysis of the synthesized GOS, since longer residence times could lead to the 
subsequent hydrolysis by the enzyme.  

Figure 6C depicts the kinetic parameters obtained in the different systems studied in this work. 
It can be inferred that the continuous system in the GOS production process achieved better 
parameters when compared to the other processes tested, increasing the yield in relation to the batch 
bioreactor by 24.90 %, and 61.61 % compared to the production using the shaker. Lactose conversion 
was slightly higher (2.04 %) with the continuous bioreactor than with the batch bioreactor, and 35.84 
% higher when compared to shaker tests. In contrast, the continuous bioreactor productivity was 6.68 
% and 45.56 % lower than that obtained with the shaker and batch systems, respectively. 
Nevertheless, the GOS production reached maximum levels (41.06 g/L) when using the continuous 
system, compared to batch mode (20.45 g/L). Results here suggest the use of the continuous 
bioreactor, demonstrating its application in more efficient and optimized processes.  

3.6. GOS as a Potential Prebiotic 

The Lactococcus QP40, Streptococcus QP32 and L. lactis ATCC 19435 bacteria were grown in 
different culture media, one with GOS (MRS + GOS) and a control without GOS (MRS), to verify the 
prebiotic potential of the oligosaccharides produced. These microorganisms are cited in the literature 
as probiotics [63–65]. The Lactococcus QP40 and Streptococcus QP32 strains (Figure 7) showed quite 
similar behavior, both in the ability to metabolize the total substrate (glucose and galactose) in the 
MRS medium (46.26 % and 48.47 %) and in the MRS medium combined with GOS (45.24 % and 41.13 
%), respectively. 

 

Figure 7. Percentage of the consumption profile of the total substrate and GOS for the different bacteria grown 
at 37 ºC, 50 rpm. MRS medium (  ), MRS medium combined with GOS (  ), and percentage of GOS 
consumption in MRS medium combined with GOS ( ). 

 
Although these two strains showed greater metabolism of total substrates when compared to 

the commercial strain L. lactis ATCC 19435, it showed a better substrate consumption when GOS was 
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added to the MRS culture medium, in this case, the aforementioned strain metabolized 20.88 % of 
total substrate compared to 14.04 % in MRS medium (without GOS). This indicates that the presence 
of GOS improved the metabolism of other carbon sources for this strain. Therefore, L. lactis ATCC 
19435 metabolized 10.94% of the GOS, while Lactococcus QP40 and Streptococcus QP32 metabolized, 
respectively, 9.87% and 9.41%. Nevertheless, this stage of the work is still preliminary, these previous 
results may serve as a basis for future studies on the prebiotic potential of GOS and probiotics related 
to the strains tested here. 

4. Conclusions 

The Porungo cheese whey demonstrated to be a promising substrate to obtain GOS from β-
galactosidase produced, especially when associated with enzyme immobilization technology and 
different bioprocess strategies. The supports of chitosan-genipin increased thermal stability range of 
β-galactosidase allowing its reuse at a higher temperature. Batch packed-bed bioreactor significantly 
increased the productivity compared to the shaker system. Continuous bioreactor improved the 
lactose conversion, GOS yield, and GOS concentration compared to shaker and batch bioreactor, 
leading to a more efficient GOS production and optimized processes. This study contributes to the 
minimization of the environmental impact caused by the main waste generated in the dairy industry, 
while obtaining a biotechnological product with high added value and significant international 
commercial relevance, targeting the application in the food sector, as well as in the pharmaceutical 
and agricultural industries.  
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Appendix A 

Appendix A.1 

Table A1. Centesimal composition of Porungo cheese whey. 

Component % 
Moisture 92.30 ± 0.29 

Dry extract 7.70 ± 0.35 
Lipids 0.30 ± 0.03 
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Protein 0.81 ± 0.01 
Lactose 4.99 ± 0.06 

Ash 0.55 ± 0.01 

Appendix A.2 

 

Figure A2. Kinetics of K.marxianus CCT 4086 (A) growing in porungo cheese whey at 30 ºC and 200 rpm. Lactose 
(-●-), Biomass (-◼-), Enzymatic activity (-∗-). 
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