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Abstract
The lactose intolerance—as a limiting factor for dairy milk consumption—has a high prevalence worldwide. Dairy milk 
and milk-derived products are major sources of multiple inorganic compounds and nutrients and thus are considered to be 
functional foods. β-galactosidases are able to hydrolyze lactose and are therefore widely applied for the production of lactose-
free products. In addition, they are capable of the synthesis of galacto-oligosaccharides (GOSs); thus, the dairy industry 
has a special interest in applying them for the enrichment of dairy products with prebiotic GOSs. In this work, we studied 
two commercially available β-galactosidase products: Saphera 2600L and Nola Fit 5500. Both enzyme solutions contain a 
recombinant β-galactosidase of Bifidobacterium bifidum and have already been authorized for food industrial application, 
but the information about their hydrolytic and/or synthetic activities is only limited. After immobilization on chitosan beads, 
the enzymes were used for lactose hydrolysis and simultaneous synthesis of GOSs, by performing the reactions in pasteur-
ized milk (skim milk). Both immobilized β-galactosidase exhibited elevated lactose hydrolysis  (vmax increased from ~ 1 
to ~ 4 mM/min) and GOS synthesis as compared to the free enzymes. The enzyme-coated beads were efficiently re-used at 
least 15 cycles; the residual lactose concentration was < 2 mg/ml after each cycle. After treatment, GOSs were present in ≤ 9% 
of the total sugar content, indicating that the prepared low-lactose milks were enriched in prebiotic GOSs. The application 
of immobilized Saphera 2600L and Nola Fit 5500 β-galactosidases may be implemented for the large-scale production of 
GOS-enriched low-lactose milk.

Keywords Galacto-oligosaccharide · GOS · Transgalactosylation · β-galactosidase · Lactase · Enzyme immobilization · 
Chitosan · GOS-enriched milk · Lactose-free milk

Introduction

Lactose (LAC) is one of the main components of milk, a 
slightly sweet disaccharide consisting of glucose (GLC) 
and galactose (GAL). The concentration of LAC in milk 
is at 4.5–5%, depending on the dairying species (Ratajczak 
et al., 2021). LAC principally is an important carbon and 
energy source for the human cells, and it can be utilized 
by the intestinal microbiome, as well. Digestion of LAC by 
lactase (β-galactosidase) releases free GLC and GAL which 
monosaccharides can be absorbed in the digestive system.

Global statistic estimated that about 65–75% of the 
adult population worldwide has different phases of lac-
tose intolerance (Deng et al., 2015; Storhaug et al., 2017). 
In lactose intolerance, deficiency of the lactase causes 
insufficient digestion of LAC that may be correlated with 
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multiple gastrointestinal and extra-intestinal symptoms. 
Consequently, LAC may cause various problems includ-
ing those of gastrointestinal health, such as abdominal pain, 
bloating, elevated gas production, nausea, vomiting, or diar-
rhea, depending on the amount of the produced lactase and 
the amount of consumed lactose (Lomer et al., 2007). The 
presence of unabsorbed lactose increases the osmotic force 
in the bowel lumen, and the fluid influx results in osmotic 
diarrhea. In addition, the unabsorbed lactose is utilized by 
the microbial consortia, the fermentation results in gas pro-
duction, and the produced lactic acid causes acidification 
which may impair the functions of digestive enzymes.

People who suffer from the above-described symptoms 
generally tend to avoid consumption of fresh milk and milk 
products, but omitting them from the diet may lead to vari-
ous deficiency diseases (Ratajczak et al., 2021). Therefore, 
there is an increasing pressure on the food industry to pro-
duce a wide selection of lactose-free or low-lactose dairy 
products which can be consumed by people suffering from 
lactose intolerance, as well. The food industry—in coop-
eration with researchers—has searched for possible ways 
to meet the expectations, needs, and requests of customers 
(Sharp et al., 2021). The products which can be incorporated 
into the diets of lactose intolerants include fermented milk 
products (such as kefir, yoghurt) containing a reduced level 
of lactose. Nevertheless, there is a grooving interest in func-
tional foods, which—beyond their nutritional value—offer 
health benefits, e.g., by containing supplements or other 
additional ingredients. Multiple products are targets of the 
dairy industry to be enriched in ingredients of beneficial 
properties such as vitamins, syn-, post-, pro-, or prebiotics; 
the fortified products may have a positive effect on health 
and help to reduce the risks for the development of diseases 
(Al-Sheraji et al., 2013; Rudke et al., 2023).

The enzyme β-galactosidase has been widely used in 
the dairy industry for the hydrolysis of LAC into GLC and 
GAL (Nijpels, 1981) which is essential for the production 
of low-lactose dairy products that are edible for lactose-
intolerant individuals. Due to the increasing market potential 
of lactose-free dairy products (Kocabaş et al., 2022), several 
β-galactosidases have been commercialized (Fischer & 
Kleinschmidt, 2018; Annapure & Gaur, 2022). The potential 
industrial applications of free (Botvynko et al., 2019; Füreder 
et al., 2020) and immobilized forms (Carrara & Rubiolo, 
1994; Neto et al., 2021; Nguyen et al., 2019) have also been 
studied, but in many cases, the reactions were investigated 
in buffer(ed) solutions rather than in the complex biological 
environment of the milk.

In the past few decades, several studies focused on 
the advantages and disadvantages of the usage of free 
enzymes, including their application to achieve total LAC 
hydrolysis (Anisha, 2017; Vera et al., 2020). In addition, 
several attempts have been made to study β-galactosidases 

as biocatalysts of galacto-oligosaccharide (GOS) synthesis 
via trans-galactosylation in which enzymatic reaction 
lactose-derived compounds are synthesized by the lactase 
during LAC hydrolysis (Grosová et  al., 2008; Fischer 
& Kleinschmidt, 2018; Mano et  al., 2019). During the 
hydrolysis of the β(1–4) linkage of lactose, the glucose is 
released, and a covalent enzyme-galactose intermediate is 
formed. After this, the galactosyl moiety can be transferred 
to the hydroxyl group of an acceptor molecule. In the case 
of hydrolysis, the galactosyl acceptor is water, resulting in 
the release of free galactose. If the acceptor molecule is 
an alternative molecule, such as an another carbohydrate, 
transgalactosylation occurs. The acceptor of galactosyl 
transfer reaction can be glucose, galactose, lactose, or 
a GOS molecule, as well (Gosling et al., 2010). Due to 
their ability for LAC hydrolysis as well as GOS synthesis, 
β-galactosidases are considered valuable tools for the 
production of low-lactose dairy products containing GOSs 
(Iqbal et al., 2010; Urrutia et al., 2013; Nath et al., 2016).

Together with other various carbohydrates—such as 
lactulose, inulin, and fructo-, isomalto-, xylo-, and soybean 
oligosaccharides—GOSs are functional food ingredients 
and belong to the group of molecules that are recognized 
as prebiotics (Dominguez et al., 2014; Souza et al., 2022; 
Rudke et al., 2023). GOSs are non-digestible oligosaccha-
rides which resist most digestive enzymes and can stimulate 
the growth and/or activity of the bacteria being members of 
the microbial consortia in the colon, including bifidobacteria 
(Panesar et al., 2006; Roberfroid et al., 2010; O'Callaghan & 
van Sinderen et al., 2016; Hidalgo-Cantabrana et al., 2017; 
Zhang et al., 2023). Several studies revealed the beneficial 
effects of GOSs on health (Sanders et al., 2019; Sangwan 
et al., 2015) and focused on the access to products with high 
GOS content (Rodriguez-Colinas et al., 2014; González-
Delgado et al., 2018; Urrutia et al., 2018).

In the dairy industry, the LAC removal or the reduction 
of its level in milk is carried out by using free enzymes; 
the main goal of the enzymatic treatment is to produce 
lactose-free milk of milk-derived products that contain 
LAC in < 1 mg/ml concentration. But, the final products 
are absent from GOSs or contain these prebiotics only in 
low concentration due to the uncontrolled nature of GOS 
synthesis and hydrolysis under these conditions. During the 
complex reaction, the β-galactosidase hydrolyzes the LAC  
and synthesizes the GOSs, but after running out of the LAC,  
the produced GOSs also become substrates of the enzyme  
(Otieno, 2010). In the industrial technology, the commer-
cially available lactose-free milks are commonly produced 
by supplementing the milk with soluble β-galactosidase 
(Dekker et al., 2019). Consequently, after packaging, trans-
portation, and storage, the products still contain the free 
β-galactosidase which has already been hydrolyzed not only 
LAC but also GOSs.
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A better control of the simultaneous LAC hydrolysis and 
GOS synthesis may be facilitated by the immobilization of 
β-galactosidases, which may offer an alternative for the use 
of free enzymes (Ohmiya et al., 1975, 1977; Panesar et al., 
2010; de Souza et al., 2022). The immobilized enzymes 
enable a more precise control of the complex transgalac-
tosylation reactions. In addition, the enzymes can be eas-
ily removed from the milk at an optimal time point (e.g., 
by filtration); consequently, the products—finally reaching 
the consumers—are absent from the lactase enzymes which 
have been added previously for removal of LAC. Several 
solid supports, such as biopolymer-based beads (Bedade 
et al., 2019; Flores et al., 2019; Kurayama et al., 2020), silica 
gels (González-Delgado et al., 2018), hydrogels (Wolf et al., 
2021), magnetic nanoparticles (Nguyen et al., 2019), and 
inorganic particles (Husain et al., 2011; Khan et al., 2019), 
have been developed and tested for enzyme immobiliza-
tion so far. In addition, it has also been reviewed that not 
only solid supports but liposomes may also be good candi-
dates to carry and deliver enzymes such as β-galactosidases 
(Mohammadi et al., 2021).

Based on our previous experiences (Bodnár et  al., 
2005; Polyák et  al., 2014), chitosan (CH) biopolymer 
was chosen to prepare beads for enzyme immobilization. 
CH is a renewable, basic linear biomaterial, containing 
β-[1 → 4]-linked 2-acetamido-2-deoxy-D-glucopyranose 
and 2-amino-2-deoxy-D-glucopyranose units. CH is prepared 
from chitin which is the second most abundant biopolymer in 
nature (Hajdu et al., 2008). It has a special set of beneficial 
properties including low or non-toxicity, biocompatibility, 
biodegradability, low immunogenicity, and antibacterial 
properties. Due to the available amino groups of CH, enzymes 
can be immobilized efficiently on the CH surface by using 
different methodologies, including adsorption (Wolf et al., 
2019), encapsulation, or covalent bonding (Panesar et al., 
2010; Pan et al., 2009); the covalent immobilization can 
prevent the dissociation of the enzymes from the support.

In this study, we used two different β-galactosidase 
products, the Saphera 2600L and Nola Fit 5500; these full 
names are abbreviated in the text as Saphera and Nola Fit, 
respectively. Both enzyme solutions have international food 
industrial licenses and were approved for dairy industrial 
application (including the production of a wide variety of 
dairy products, such as milk, cheese, cream, and drinks). 
These products are supplied as liquid solutions containing 
highly purified enzymes; therefore, their application can 
easily be standardized. Both the Saphera 2600L and the 
Nola Fit 5500 enzyme solutions contain a wide spectrum 
ß-galactosidase of Bifidobacterium bifidum (EC: 3.2.1.23) 
produced in Bacillus licheniformis strain. These products 
represent a new type of lactases, as they contain a 
recombinantly produced enzyme which has a broader pH 
tolerance. The lactase of B. bifidum belongs to the enzymes 

that are most widely applied for the processing of milk or 
other dairy liquids as well as are enzymatic tools of GOS 
synthesis (Goulas et al., 2007; Fischer & Kleinschmidt, 
2018). Although multiple studies targeted the investigation of 
the B. bifidum galactosidase (Botvynko et al., 2019; Füreder 
et  al., 2020; Schmidt et  al., 2020; Majore & Ciproviča, 
2020; Czyzewska & Trusek, 2021; Popescu et al., 2021), the 
information about the hydrolytic and/or synthetic activities 
of Saphera and Nola Fit in milk are still limited; most 
information was obtained by studying the enzyme activities 
in buffers rather than in milk or any other dairy liquids.

In this work, we aimed to optimize conditions for the pro-
duction of GOS-enriched milk by using commercially avail-
able β-galactosidases that are covalently immobilized on CH 
beads. Such conditions were tested which were considered to 
be potentially compatible with industrial applications, such 
as performing the enzymatic reactions in homogenized pas-
teurized milk. We studied both LAC hydrolysis and GOS 
synthesis reactions as well as the characteristics of the free 
and immobilized enzymes, and the operational and ther-
mostabilities of the immobilized enzymes were also deter-
mined. The investigation of the reaction parameters—which 
may be relevant from a technological point of view—was 
considered to provide valuable information for the industrial 
implementation of the protocols which can be used for the 
production of lactose-free milk enriched in GOS.

Materials and Methods

Materials

Chitosan (CH) (named 90/1000 with a degree of deacety-
lation 90%) was purchased from Heppe Medical Chitosan 
GmbH (Germany). Potassium phosphate monobasic, potas-
sium phosphate dibasic, acetic acid, sodium hydroxide, and 
glutaraldehyde (GA, 50% (v/v)) were obtained from Avan-
tor Inc. (Hungary). O-nitrophenyl-β-D-galactopyranoside 
(ONPG; #34055) was from Thermo Fisher Scientific 
(Waltham, MA, USA). Megazyme LAC assay kit was 
purchased from Noack Magyarország Kft. (Hungary). All 
chemicals were of analytical grade.

D(+)-glucose (Sigma-Aldrich, G8270), D(+)-galactose 
(BioChemica, A11310100), D(+)-sucrose (internal standard) 
(VWR, 27483.294), and lactose monohydrate (VWR, 
10,039–26-6) were used as standards for HPLC-based analyses. 
Carrez solution I and II reagents (purchased from VWR 
Chemicals, Hungary) (Carrez I: Cat.No. 85733.290; Carrez 
II: Cat. no. 5056.1000) were applied for the determination 
of sugars. Allolactose, galactobiose, and 6′-galactosyllactose 
(Megazyme) were obtained from Noack Magyarország Kft. 
(Hungary). GOSs (OG32134) were ordered from Biosynth 
Carbosynth (Slovakia). HPLC-grade acetonitrile was purchased 
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from Thomasker (Hungary). High-purity water was prepared 
using a Millipore system.

We used homogenized pasteurized milk (fat content: 
1.5%) that was randomly selected from milk being pro-
duced and commercially available in Hungary. The initial 
LAC concentration of milk (which varied between 50 and 
55 mg/ml) was determined by a Megazyme LAC assay kit 
(Megazyme) and an HPLC-based method as well.

Enzymes

Two commercially available enzyme solutions were applied: 
(i) Nola Fit 5500 (with the activity of 5500 Bifido lactase 
unit (BLU·g−1); Chr.HANSEN, Denmark) and (ii) Saphera 
2600L (with the activity of 2600 lactase activity units 
(B-standard)/g (LAU(B)·g−1); Novozymes, Switzerland). 
Both solutions contain a purified β-galactosidase of Bifido-
bacterium bifidum which was produced by submerged fer-
mentation using a selected strain of Bacillus licheniformis. 
The commercial enzyme solutions were used without any 
further purification; they were stored according to the manu-
facturer’s instructions within the 0–8 °C temperature range. 
For testing stability, stocks of the solutions were stored 
at − 20 °C as well.

SDS‑PAGE Analysis

Both Saphera and Nola Fit solutions were analyzed by 
sodium dodecyl sulfate polyacrylamide gel electrophoresis 
(SDS-PAGE) (Walker, 1996). The enzyme solutions were 
100-fold diluted with distilled water, supplemented with 
sample buffer containing SDS and β-mercaptoethanol, fol-
lowed by denaturation at 95 °C for 10 min. Fourteen percent 
polyacrylamide gel was used for electrophoretic separation 
(120 V, ~ 90 min), using Page Ruler Prestained Protein Lad-
der (Thermo Fisher Scientific, #26619) as molecular weight 
standard. The gels were stained with Coomassie Brilliant 
Blue R-250 dye, followed by imaging of the gels by using 
AlphaImager HP (Protein Simple, USA) imaging system.

The band intensities were determined by densitometric 
analysis of the detected bands by using GelAnalyzer 19.1 
software (GelAnalyzer 19.1 by István Lázár Jr., PhD and 
István Lázár Sr., PhD, CSc; www. gelan alyzer. com).

Preparation of Chitosan Beads

CH beads were prepared by a precipitation method described 
previously (Flores et al., 2019; Klein et al., 2016) with 
some modifications. CH was dissolved in 3% (v/v) acetic 
acid aqueous solution to achieve a 2% (w/w) final poly-
mer concentration. After mixing the CH solution for 12 h, 
it was sonicated for 2 min to remove the air bubbles and 
then poured into a syringe (needle diameter: 0.45 mm). The 

solution was allowed to drop into 1 M NaOH solution while 
continuously stirring. For the hardening of chitosan beads, 
the solution was mixed for 4 h at room temperature. Finally, 
the CH beads were washed with distilled water and 0.1 M 
phosphate buffer (pH 7.0). Beads having uniform shape and 
size were obtained and stored in phosphate buffer at 4 °C 
until used.

Activation of Chitosan Beads

Bead activation was performed by using a series of 0.1 M 
potassium-phosphate buffer (pH 7.0) containing GA in 
0.5–5% (v/v) concentration range while slowly stirring at 
room temperature (using a magnetic stirrer, 80–100 rpm). 
Reaction time varied between 30 min and 6 h. The activated 
CH beads were washed with 0.1 M phosphate buffer (pH 
7.0) solution to remove the excess GA. The statistical dif-
ferences between the specific activities were determined by 
using the freely available QuickCalcs online tool of Graph-
Pad (https:// www. graph pad. com/ quick calcs/ ttest1/).

Immobilization of β‑galactosidase on Chitosan Beads

Immobilization reactions were carried out via slow con-
tinuous stirring of the CH beads with the β-galactosidase 
enzyme solutions (Saphera or Nola Fit) overnight at room 
temperature, by using a magnetic stirrer (80–100 rpm). If  
it was necessary, the enzyme solutions were diluted with  
0.1 M potassium-phosphate buffer (pH 7.0) to achieve differ-
ent final concentrations while optimizing the conditions of 
immobilization. After immobilization, successive washing 
steps were applied using 0.1 M phosphate-potassium buffer 
(pH 7.0) to remove the excess enzyme, until no enzymatic 
activity was detected in the supernatant (see the details of 
enzyme activity assays below).

Determination of Enzymatic Activity

Enzymatic activities of the free and immobilized 
β-galactosidases were determined by using ONPG as sub-
strate, based on the manufacturer’s instructions. For the free 
enzymes, the diluted enzyme solutions (150 µl) were added 
to ONPG substrate (5 mM, freshly dissolved in 50 mM  
sodium phosphate solution, pH 7.0) in equal volume (final 
concentration of ONPG was 2.5 mM). In the case of the 
immobilized enzymes, 150 µl ONPG solution (5 mM in 
50 mM sodium phosphate solution, pH 7.0) was added to 
five randomly selected CH beads (coated with the immo-
bilized enzymes). Afterwards, the reaction mixtures were 
incubated for 10 min at 37 °C, and thereafter, the reactions 
were immediately stopped by the addition of 1 M sodium 
carbonate solution (150 µl). The absorbance of the released 
O-nitrophenol was measured spectrophotometrically at 

http://www.gelanalyzer.com
https://www.graphpad.com/quickcalcs/ttest1/
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420 nm wavelength using a Synergy H1 reader (BioTek  
Instruments, Hungary). The rate of product formation 
(ΔOD/min) was determined based on the absorbance values, 
and it was used to calculate relative activities (%).

Determination of the Yield of Immobilization

The yield of immobilization (%) was determined based 
on the activity that was calculated from the absorbance of 
supernatant before and after immobilization, using the fol-
lowing equation:

Optimization of the Reaction Conditions for Enzyme 
Immobilization

Optimization of reaction conditions was performed in 0.1 M  
sodium phosphate solution at room temperature. We have 
investigated the effects of GA concentration, reaction time, 
and enzyme concentration on the efficacy of immobilization. 
The reaction time of GA activation ranged from 30 min to  
6 h, while the GA concentration was applied in the 0.75–5% 
(v/v) concentration range. The final concentrations of the 
commercial β-galactosidase solutions were also changed; 
they varied between 0.75 and 10% (v/v). The optimal values 
of independent factors were selected based on the enzymatic 
activity of β-galactosidase immobilized on CH beads meas-
ured by ONPG as substrate described above.

Quantitative Limits of Activation 
and Immobilization

To determine the quantitative limits of bead activation and 
enzyme immobilization, the reactions contained the CH 
beads in different final concentrations. The activation and 
enzyme immobilization reactions were performed in 0.1 M 
sodium phosphate solution, as described above. We applied 
standard reaction conditions in the different reactions, i.e., 
the GA activation reagent and the β-galactosidase enzyme 
solutions (Saphera or Nola Fit) were applied in the same 
concentration. The final sample volumes were also constant 
while the CH bead concentrations ranged from 25 to 100 
bead/ml in the mixtures.

The bead activation and enzyme immobilization were fol-
lowed by measuring the enzyme activities of the coated beads 
(CH-Saphera and CH-Nola Fit). The activities were deter-
mined in parallel by using 5–5 randomly selected beads from 

Immobilization yield (%) = 100 ×
Immobilized activity

starting activity

each sample; the ONPG substrate was applied as described 
above. The activity obtained for the 25 CH bead/ml sample 
was considered to be 100% and used as a reference.

Thermal Stability

Thermal stabilities of the free and immobilized enzymes 
were studied in phosphate buffer (0.1 M, pH 6.5) at 50 °C. 
The samples were incubated in a thermostatically controlled 
water bath for 8 h). After incubation, the samples were 
placed onto ice in order to stop the inactivation reaction 
immediately. The residual enzyme activity was determined 
based on the method described above, using ONPG as sub-
strate. The measurements were performed in triplicates.

Operational Stability

Operational stabilities of the immobilized enzymes were 
determined by incubating the CH beads in homogenized 
pasteurized milk in batch cycles. The CH beads were 
applied in 20 bead/ml milk concentration; the reaction  
mixtures were incubated while continuously rotating at 
1000 rpm for 2 h at 37 °C. Samples were withdrawn period-
ically, and residual LAC concentration of milk supernatant 
was determined by Megazyme LAC assay kit (Megazyme) 
and an HPLC-based method as well. After each cycle, CH 
beads were removed from the milk by simple filtration 
(using filter paper), washed with MQ water, and then used 
repeatedly in a new reaction cycle at the same conditions 
described above, without any further activation or modifica-
tion (measured in duplicates).

Lactose Hydrolysis and Enzymatic Synthesis 
of Galacto‑oligosaccharides

To study the simultaneous LAC hydrolysis and GOS synthe-
sis, the enzymatic reactions were performed in homogenized 
pasteurized milk without any adjusted buffered conditions. 
For this study, the enzyme-coated CH beads were applied 
in 20 bead/ml milk concentration; the reaction mixtures 
were rotated on a shaker at 1000 rpm at 37 °C for 2 h while 
monitoring the reactions at different time points. Then, the 
CH beads were removed, and milk samples were collected 
without any further treatment or filtration. For comparison, 
LAC hydrolysis and GOS synthesis reactions were investi-
gated using enzyme solutions containing the free enzyme, 
as well. Finally, the treated milks were boiled for 5 min. 
Concentrations of the free enzymes were set based on the 
manufacturer’s instructions. LAC and GOS concentrations 
were determined by HPLC-based methods described below.
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Determination of Kinetic Parameters

Kinetic parameters  (KM and  vmax) of the free and immobi-
lized enzyme were determined in phosphate buffer using 
ONPG as substrate (in the 0.25–25 mM final concentration 
range), using the protocol described above. After determi-
nation of the initial reaction velocity values, the data points 
were fitted to the Michaelis-Menten equation to determine 
the  KM and  vmax of the free and immobilized enzymes. The 
calculations were performed by using the Solver extension 
module of Microsoft Excel (Microsoft Office).

HPLC‑Based Measurements

Products of transgalactosylation reactions (GOSs) and LAC 
were analyzed based on a method published previously 
(Manzi & Pizzoferrato, 2013) with some modifications. 
The characterization of sugar pattern and GOS formation 
was carried out using an HPLC system (Waters e2695 Sepa-
rations Module) equipped with a refractive index detector 
(Waters 2414). Analysis was performed by using XBridge 
BEH Amide column (Waters, 4.6 × 250 mm, 5 µm) and 
guard column (Waters, 3.9 mm × 5 mm, 5 µm). Briefly, 25 
µL of the solution was injected into the mobile phase (ace-
tonitrile to pure water in a 7:3 ratio) at 0.80 ml/min flow 
rate. The temperatures of the column and the detector were 
also maintained at 30 °C. The concentration of the saccha-
rides was calculated using calibration curves; the stock solu-
tions of saccharides (dissolved in water) ranged from 0.5 to 
50 mg/ml final concentrations. The plotted peak areas of 
HPLC chromatograms were considered to be directly pro-
portional to the sugar concentrations.

The milk samples were treated based on a previously 
described protocol (Manzi & Pizzoferrato, 2013) with 
slight modifications. Twenty microliters of internal stand-
ard sucrose (300 mg/ml) was added to 1 ml of milk sample, 
followed by sequential addition of Carrez-I and Carrez-II 
reagents (30 µl of each) and vortexing for 2 min. Then, the 
extraction was performed by the addition of 600 µl of ace-
tonitrile, vortexing for 2 min, and incubation for 20 min at 
room temperature. Finally, the samples were centrifuged at 
10,000 rpm for 10 min at 4 °C (Eppendorf 5424R centrifuge 
equipped with FA-45-24-11 rotor). Before HPLC injection, 
the supernatants were filtered through a 0.22-µm polyether-
sulfone (PES) filter. Twenty-five microliters of the clear 
filtrates was injected into the HPLC system.

GOS Analysis by Mass Spectrometry

For mass spectrometry (MS) measurements, a Waters 
2695 separation module equipped with a thermostable 
autosampler (5 °C) and a column module (35 °C) (each 
from Waters, Milford, MA, USA) was applied. All the 

measurements were carried out on an XBridge BEH HILIC 
Column (130 Å, 5 µm, 4.6 mm × 250 mm) with the iso-
cratic method (70% acetonitrile, 30%  H2O); the flow rate 
was 0.8 mL/min. Twenty microliters was injected from 
each sample. A MicroTOF-Q type Qq-TOF MS instrument 
(Bruker Daltoniks, Bremen, Germany) equipped with an 
electrospray ionization (ESI) ion source was applied in 
positive ion mode for MS-based detection. The spray volt-
age was 4 kV. N2 was used as nebulizer gas (1.8 bar) and 
drying gas (7 L/min, 200 °C). The spectra were calibrated 
externally by the ESI-tune-mix from Bruker. Extracted 
samples were diluted 20 times with the eluent to avoid too 
much adduct ions in spectra.

Sample Preparation for Lactase Analysis by Mass 
Spectrometry

After the separation of Saphera 2600L and Nola Fit 5500 
solutions by SDS-PAGE, the protein bands were excised 
from the gel and subjected to in-gel trypsin digestion. Sam-
ple destaining was performed by using a 1:1 ratio of 25 mM 
ammonium bicarbonate (pH 8.5) and 50% acetonitrile; the 
samples were further reduced with 20 mM dithiothreitol 
(Bio-Rad, Hercules, CA, USA) for 1 h at 56 °C, followed 
by alkylation with 55 mM iodoacetamide (Bio-Rad, Her-
cules, CA, USA) for 45 min at room temperature in the 
dark. Trypsin digestion was performed overnight at 37 °C 
using stabilized MS-grade TPCK-treated bovine trypsin 
(ABSciex, Framingham, MA, USA). The digested peptides 
were extracted and dried in a speed-vac at room temperature 
(Thermo Fischer Scientific). The peptides were re-dissolved 
in 10 μL 1% formic acid (VWR Ltd., Radnor, PA, USA) 
before LC-MS/MS analysis.

Liquid Chromatography‑Mass Spectrometry Analysis

Peptides were separated in a 180 min water/acetonitrile 
gradient using an Easy nLC 1200 nano UPLC (Thermo 
Scientific, Waltham, MA, USA). The peptide mixtures 
were desalted by an ACQUITY UPLC Symmetry C18  
trap column (20 mm × 180 µm, 5 μm particle size, 100 Å 
pore size; Waters, Milford, MA, USA), followed by sepa-
ration in Acclaim PepMap RSLC C18 analytical columns 
(150 mm × 50 μm, 2 μm particle size, 100 Å pore size, 
Thermo Fischer Scientific). The chromatographic separa-
tion was performed using a gradient of 5–7% solvent B over  
5 min, followed by a rise to 15% of solvent B over 50 min, 
and then to 35% solvent B over 60 min. Thereafter, solvent 
B was increased to 40% over 28 min and then to 85% over 
5 min, followed by a 10 min rise to 85% of solvent B, after 
which the system returned to 5% solvent B in 1 min for a  
16 min hold-on. Solvent A was 0.1% formic acid in LC water 
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(Sigma, St. Louis, MO, USA); solvent B was 95% acetoni-
trile (Sigma, St. Louis, MO, USA) containing 0.1% formic 
acid. The flow rate was set to 300 nL/min.

Data-dependent acquisition experiments were carried 
out on an Orbitrap Fusion mass spectrometer (Thermo Fis-
cher Scientific). The 14 most abundant multiply-charged 
positive ions were selected from each survey MS scan, 
using a scan range of 350–1600 m/z for MS/MS analy-
ses (Orbitrap analyzer resolution: 60,000, AGC target: 
4.0 ×  105, acquired in profile mode). Collision-induced dis-
sociation (CID) fragmentation was performed in the linear 
ion trap with 35% normalized collision energy (AGC tar-
get: 2.0 ×  103, acquired in centroid mode). Dynamic exclu-
sion was enabled during the cycles (exclusion time: 45 s).

Protein Identification and Data Evaluation

The protein identification was carried out based on the 
acquired LC-MS/MS data by using MaxQuant 1.6.2.10 
software (Cox & Mann, 2008) and searching for the B. 
bifidum UniProt database (release: June 2020; 30,529 
sequence entries) and the contaminant database. Cys car-
bamidomethylation, Met oxidation, and N-terminal acety-
lation were set as variable modifications. A maximum 
of two missed cleavage sites was allowed. Results were 
imported into Scaffold 5.0.1 software (Proteome Software 
Inc., Portland, OR, USA). Proteins were accepted with at 
least 3 identified peptides using a 1% protein false discov-
ery rate (FDR) and 95% peptide probability thresholds.

Results

Investigation of the β‑galactosidase Enzyme Solutions

The Saphera 2600L and Nola Fit 5500 solutions were ana-
lyzed by SDS-PAGE in order to obtain information about 
their overall protein composition (Fig. 1A). The gel images 
showed high purity for both products, and the pattern of 
bands was found to be highly comparable. The most inten-
sive bands were detected at a higher molecular weight range 
(~ 100–150 kDa); the other bands had much lower density. 
The band of the highest molecular weight (~ 130 kDa) was 
considered to be the B. bifidum β-galactosidase, and the 
descriptions of the products do not include such informa-
tion about the recombinant protein. The other intense bands 
were supposed to potentially correspond to the degradation 
products of the full-length protein (Fig. 1A). In order to con-
firm this, the bands were excised from the gel and subjected 
to protein identification by mass spectrometry.

We carried out LC-MS/MS-based protein identification 
in order to determine the protein compositions of the bands 
(Fig. 1A). Each studied band of Saphera and Nola Fit enzyme 
solutions  (Band130 kDa and  Bands100−130 kDa) contained the 
β-galactosidase of B. bifidum. Although, the LPXTG-motif 
cell wall anchor domain protein of B. bifidum was also iden-
tified in each band, the alignment of its sequence (UniProt 
ID: E4V8A7_BIFBI) to that of the β-galactosidase (Uni-
Prot ID: 0A0H2PBW7_BIFBI) revealed that the sequences 
are almost fully identical (> 99.5% sequence identity). 
This was in agreement with the expectations because the 

Fig. 1  Investigation of the enzyme solutions. A A representative gel 
image shows the separation of Saphera 2600L and Nola Fit 5500 
solutions by SDS-PAGE. The enzyme solutions were stored at 4 
or − 20 °C; the solution which was not stored for 6 months was con-
sidered to be a reference. The 100-fold diluted solutions were ana-
lyzed by SDS-PAGE. The continuous arrow indicates the band which 
was supposed to contain the full-length recombinant β-galactosidase 
 (Band130 kDa), while the dashed arrows show such lower molecular 
weight bands  (Bands100–130 kDa) which were considered to be shorter 
enzyme forms, i.e., degradation products. The bands shown by the 

dashed arrows were excised together from the gel and subjected to 
protein identification by MS. B The relative band intensities were 
determined based on the densitometry of the gels, by comparing the 
highest molecular weight band’s intensity  (Band130 kDa) and the over-
all intensities of all detected bands. The relative band intensity values 
are presented as average ± SD (n = 3). C The hydrolytic activities of 
the enzyme solutions (stored at 4 or − 20 °C for 6 months or not) were 
determined by using ONPG as substrate. The ΔOD/min are presented 
as average ± SD (n = 2)
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β-galactosidases were recombinantly produced in B. licheni-
formis expression strain. The analysis of bands with lower 
molecular weights  (Bands100−130 kDa) revealed the fragments 
of the above-mentioned proteins and some contaminants 
from the cell culture such as inter-alpha (globulin) inhibitor 
H4 (Bos taurus), alpha-2-HS-glycoprotein precursor (Bos 
taurus), complement C3 precursor (Bos taurus) and kera-
tin. B. licheniformis proteins were not identified in any of 
the studied bands. The detailed results of the identification 
with the identified peptides can be found in Table S1. The 
recorded spectra were uploaded to the MassIVE database 
and are publicly available at ftp://MSV000092352@mas-
sive.ucsd.edu.

The appearance of multiple intensive bands on the 
gel images (Fig.  1A) implied that the recombinant 
β-galactosidases might potentially undergo degradation 
while storing the enzyme solutions. In order to test whether 
the band intensities change after storage, the enzyme solu-
tion was stored either at 4 °C or − 20 °C, followed by electro-
phoresis. Besides determining the relative band intensities, 
the activities of the enzyme solutions were also measured 
in order to determine whether a putative degradation may 
cause a decrease in the enzyme activity. The β-galactosidase 
activities were measured by using ONPG as substrate, and 
the results of the SDS-PAGE analyses and enzymatic assays 
were correlated.

The relative amounts of the highest molecular weight 
proteins did not show considerable change after storage, 
indicating high overall stability for the enzyme solutions 
(Fig. 1B). In accordance with the fact that the SDS-PAGE 
analysis revealed no enzyme degradation, the measured 
enzyme activities were also comparable, the enzyme solu-
tions stored at − 20 °C exhibited slightly higher activity as 
compared to those stored at 4 °C, but none of them lost their 
activity (Fig. 1C).

Formation of CH Beads

CH biopolymer was used for the formation of macropar-
ticular beads; the particles were prepared by dropwise addi-
tion of the CH biopolymer solution to the precipitant using 
a syringe needle. The prepared CH macroparticles had a 

highly similar size; the average diameter was ~ 2 mm, and the 
beads were found to have uniform shape (Fig. 2).

Optimization of the Reaction Conditions  
for Enzyme Immobilization

In this work, we intended to use two commercially available 
enzyme solutions, namely Saphera 2600L and Nola Fit 5500, 
containing a recombinant β-galactosidase of B. bifidum pro-
duced by B. licheniformis. The β-galactosidases which were 
immobilized on CH beads are referred to as CH-Saphera and 
CH-Nola Fit, in order to differentiate them from the free 
(non-immobilized) enzymes.

Nola Fit was chosen to determine optimal conditions 
for enzyme immobilization; both concentration of GA and 
activation time were investigated at constant enzyme con-
centration (5% (v/v)). The reaction time varied from 0.5 to 
6 h while the applied GA concentration ranged from 0.75 to 
2.5% (v/v) (Table 1).

The specific activities (normalized to the weight of CH) 
showed no considerable differences at low GA concentration 
while increasing the reaction time, but the activity showed 
a remarkable decrease if the GA was applied at a higher 
concentration. The lowest activities were obtained for those 
samples which were incubated for 6 h at 1.25 or 2.5% (v/v) 
GA concentration. The activity at the same time point was 
considerably higher at the lowest tested GA concentration 
(Table 1). The difference between the specific activities 
obtained at 0.75 or 1.25% (v/v) GA concentrations was 
found to be statistically significant (p = 0.017). The specific 
activities were highly comparable for all GA concentrations 
at the shortest tested reaction time; therefore, 30-min incuba-
tion was chosen for the downstream experiments.

In the next step, both the GA and enzyme were applied 
in different concentrations (in 0.75–5% (v/v) and 0.75–10% 
(v/v) concentration range, respectively), and different GA 
to enzyme ratios were also tested. We found that the chi-
tosan beads were damaged at ≥ 5% (v/v) GA concentra-
tion; therefore, the GA was then applied in the 0.75–2.5% 
(v/v) concentration range. The hydrolytic activities of the 
enzyme-coated beads were found to be proportional to 
their concentration; the increase of the initial concentration 

Fig. 2  The CH beads are 
prepared by a simple dropwise 
addition technique. The scale 
bar has a 5 mm length
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resulted in the increase of the β-galactosidase activity. But, 
in these cases, the ionic immobilization became increasingly 
important besides the covalent immobilization, and it must 
have been evaded. Due to these and by considering cost-
efficiency, the enzymes were also applied in concentration 
ranging from 0.75 and 2.5% (v/v).

Similar but slightly different reaction conditions were 
required for the most effective immobilization of Saphera 
and Nola Fit. Both enzymes required relatively lower GA 
concentration in order to obtain the highest enzymatic activ-
ity, which was 1.25 and 0.75% (v/v) for Saphera and Nola 
Fit, respectively. Similar concentrations resulted in the high-
est immobilized activity on CH beads; it was 1.25% (v/v) for 
Saphera and 2.5% (v/v) for Nola Fit. Deviation from these 
specified parameters resulted in the decrease in enzyme 
immobilization’s efficacy. Using optimal conditions, the 
yield of immobilization on CH beads was ≥ 99%.

Quantitative Limits of Activation 
and Immobilization

Using optimal reaction conditions is essential for success-
ful immobilization, which is in correlation with the costs of 
the practical applications. The quantitative limits of enzyme 
immobilization were investigated by using different num-
bers of CH beads for activation in standard reaction condi-
tions (at constant final reaction volume as well as activation 
reagent (GA) and enzyme concentrations). The reaction 
mixtures contained the CH beads to be activated in increas-
ing final concentrations (25–100 bead/ml). After activation 
and coating of the beads, the immobilization efficacy was 
determined by measuring the activities of CH-Saphera and 
CH-Nola Fit enzymes by using ONPG as substrate (Fig. 3). 
The activities obtained for the reference samples—beads 
activated in 25 beads/ml concentration—were considered 
to be 100%; all other activities were determined as a function 
of these values (different reference samples were applied for 
CH-Saphera and CH-Nola Fit).

We observed no correlation between the number of 
beads and the corresponding enzyme activities (Fig. 3). 

The behaviors of the CH-Saphera and CH-Nola Fit enzymes 
were highly similar; the highest activities were measured in 
the 25–50 bead/ml range. The increase in bead concentration 
caused no increase in the relative activities; rather, a slightly 
decreased activity was measured for both enzymes.

Thermal Stability

According to the product information of the manufactur-
ers, the temperature optima of the Saphera and Nola Fit 
β-galactosidase enzymes are also between 35 and 50 °C, 
while both of them can be inactivated at > 70 °C tempera-
ture. Although, the recommended temperatures may be opti-
mal for LAC hydrolysis in this temperature range, the abili-
ties of the immobilized enzymes may be potentially different 
from those of the free enzymes due to the beneficial effect of 
the immobilization on thermal stability (Flores et al., 2019; 

Table 1  Effect of activation time and GA concentration on CH-Nola 
Fit specific activity. Both the reaction time of GA activation and con-
centration of GA were changed, followed by the determination of 
CH-Nola Fit specific activity (U  g−1) using ONPG as substrate. Nola 

Fit enzyme was immobilized on CH support at a concentration of 5% 
in 0.1 M sodium phosphate solution. All experiments were performed 
in triplicates, the values are presented as mean ± SD

Reaction time

[GA] 0.5 h 1 h 2 h 4 h 6 h

0.75% (v/v) 320.0 ± 20.3 344.4 ± 23.3 307.0 ± 24.1 331.8 ± 21.4 313.5 ± 24.3
1.25% (v/v) 358.6 ± 21.6 296.8 ± 18.3 331.8 ± 40.8 318.7 ± 42.3 243.6 ± 18.8
2.5% (v/v) 355.6 ± 22.2 354.0 ± 49.7 317.5 ± 10.3 339.5 ± 46.5 267.8 ± 18.9

Fig. 3  Dependence of the relative activities of immobilized 
β-galactosidases on the number of the CH beads. The CH beads were 
applied for activation and immobilization in different final concentra-
tions while using constant conditions (reaction volume, enzyme, and 
activator concentration). The β-galactosidase activity measurements 
were performed by using ONPG as substrate. The values obtained 
for the CH-Saphera and CH-Nola Fit enzymes are shown with dark 
and light gray colors, respectively. The reactions were performed at 
0.75:1.25% (v/v) GA to Saphera and 1.25:2.5% (v/v) GA to Nola 
Fit ratios. Number of beads varied between 25 and 100 per ml. All 
experiments were performed in triplicates; the values are presented as 
mean ± SD
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Hackenhaar et al., 2021; Lima et al., 2021). Therefore, we 
compared the thermal stabilities by performing the reactions 
within the optimal range and found that the immobilized 
enzymes exhibit higher thermal stability at 50 °C than the 
free enzymes.

CH-Saphera and CH-Nola Fit also exhibited higher hydro-
lytic activity as compared to their free forms (Fig. 4), indi-
cating that the immobilization on CH beads improves ther-
mostability of the studied β-galactosidases, at least at 50 °C.

The residual activities of the CH-Saphera and CH-Nola 
Fit enzymes at 50 °C were higher than 45% and 35%, respec-
tively. Nevertheless, the activity of free enzymes was lower 
than 20% after 2 h of incubation. After 4 h of incubation, 
the free enzymes have lost 95% of their activity while the 
immobilized preparations exhibited more than 20% residual 
activity. Based on the non-linear regression analysis, we 
determined the incubation times where the relative activi-
ties were half-maximal. The free enzymes lost > 50% of 
their activity within 1 h of incubation (Fig. 4), indicating 
approximately threefold higher half-life for the immobilized 
enzymes (Saphera: 0.8 h, CH-Saphera: 2.4 h, Nola Fit: 0.6 h,  
and CH-Nola-Fit: 1.7 h).

Kinetic Parameters

In order to determine the effects of enzyme immobilization 
on catalytic properties, the kinetic parameters  (KM and  vmax) 
were determined for the free and immobilized enzymes, 
using ONPG as substrate. Highly similar  KM values were 
calculated for Saphera and Nola Fit enzymes, but the immo-
bilization remarkably increased  KM; it was 8.9- and 7.4-fold 
higher for Saphera and Nola Fit, respectively (Table 2).

The  vmax values obtained for the free and immobilized 
enzymes wer0e also highly comparable (Table 2). The con-
centrations of the active enzymes were unknown, the deter-
mination of the total protein content was assumed to poten-
tially overestimate the concentration of the active enzyme, 
and therefore, the  kcat values were not determined. The cova-
lent conjugation caused a 3.9- and fourfold increase of  vmax 
values for Saphera and Nola Fit, respectively, which may be 
the reason why elevated LAC hydrolysis and GOS synthesis 
were observed for the immobilized enzymes.

Operational Stability

Operational stabilities of CH-Saphera and CH-Nola Fit 
lactases were studied by determining LAC hydrolysis in 
homogenized pasteurized milk. While measuring enzyme 
activities, we considered such parameters which may be 
relevant for industrial applications and are determined by 
the milk, such as its natural pH and the concentration of 
LAC. In addition, measuring enzyme activity in non-diluted 
milk may be relevant from the viewpoint of the industrial 
applications, because—in contrast to buffers—the milk is 
a complex biological material, it contains many biomol-
ecules which may potentially interfere with the enzymatic 
reactions.

We performed LAC hydrolysis by using the immobilized 
enzymes in 16 consecutive cycles. As it is represented in  
Fig.  5, repeated batch hydrolysis enabled to produce  
lactose-free or low-lactose milk in at least 15 effective cycles.  
The definition of low-lactose or lactose-free product varies 
by country. In Hungary, the products containing lactose in 
lower than 1 mg/ml concentration are defined as lactose-
free, and there is no definition for low lactose (EFSA, 2010). 
Based on the regulation of several European countries, 
the low-lactose milks must contain lactose in < 10 mg/ml 
concentration.

The LAC concentration of the untreated homogenized 
pasteurized milk samples varied between 50 and 55 mg/
ml. After batch hydrolysis, the residual LAC concentration 
was < 1 mg/ml in most cases and was lower than 2 mg/ml  
in every case (Fig.  5). Accordingly, the resulted milks 
were considered to be lactose-free. Our results showed no 

Fig. 4  Thermal stabilities of the free and immobilized β-galactosidases at 
50 °C. The activity measurements were performed by using an ONPG 
substrate. The relative activities were plotted as a function of time, non-
linear regression lines were fitted to the data points. Free β-galactosidase: 
Saphera (□) and Nola Fit (∆); immobilized β-galactosidase: CH-Saphera 
(◼) and CH-Nola Fit (▲). All experiments were performed in triplicates, 
the values are presented as mean ± SD

Table 2  Comparison of kinetic parameters of free and immobilized 
enzymes. The enzyme activities were determined by using ONPG as 
substrate

KM (mM) vmax (mM/min)

Free Nola Fit 7.36 1.06
CH-Nola Fit 65.20 4.24
Free Saphera 8.72 1.18
CH-Saphera 64.63 4.62
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considerable loss of the enzyme activities even using the 
beads in multiple cycles. Both CH-Saphera and CH-Nola  
Fit enzymes exhibited good operational stability; their 
ability for sufficient in-milk hydrolysis of LAC indicates 
high potential for the reduction of operational costs in  
practical use.

The enzyme-coated beads (CH-Saphera and CH-Nola 
Fit) were stored at 4 °C in phosphate buffer. After storing 
the beads for 4 weeks, the enzymes still exhibited suitable 
hydrolytic activity, indicating that storage causes no enzyme 
inactivation. Nevertheless, a possible limitation of this study 
is that the effects of long-term storage on the hydrolytic and 
synthetic activities were not investigated in detail.

We have not observed a decrease in the size and change 
of the shape even using the beads in multiple consecutive 
cycles. The stability of the beads is provided in part by 
the low solubility of the chitosan at neutral and alkaline 
pH (Bodnár et al., 2005). Although the protonation of the 
amino groups improves the solubility (at acidic pH), glu-
taraldehyde binds to these groups during the bead activa-
tion, preventing protonation and remarkably decreasing the 
solubility of the polymer.

Lactose Hydrolysis and Enzymatic Synthesis 
of Galacto‑oligosaccharides

We have tested the abilities of the CH-Saphera and CH-Nola 
Fit enzymes for the production of GOS-enriched milk in a 
process which is potentially compatible with industrial milk 
processing technologies. We investigated the simultaneous 
changes in the levels of residual LAC and produced GOSs 
in homogenized pasteurized milk at 37 °C, both in the case 
of the free and immobilized enzymes (Fig. 6). The concen-
tration of LAC was 50–55 mg/ml prior to the treatment, 
which resembles the average value determined for raw milks 
in Hungary (Kocsis et al., 2022). The comparison of the 
abilities for LAC hydrolysis revealed faster depletion of LAC 
from the milk in the case of the immobilized enzymes, 1 h 
of treatment was sufficient enough to produce low-lactose 
([LAC]: < 10 mg/mL) milk. Lactose-free milk ([LAC]: < 1 
mg/mL) was achieved after 2 h. As compared to the immo-
bilized ones, the free enzymes—being applied in the con-
centration suggested by the manufacturer—hydrolyzed the 
LAC more slowly and 2 h of treatment resulted in only a 
low-lactose but not a lactose-free milk.

Fig. 5  Concentration of residual 
lactose in homogenized pas-
teurized milk after successive 
lactose hydrolysis cycles. The 
enzyme-coated CH beads can 
be used in multiple cycles for 
batch hydrolysis to produce 
lactose-free or low-lactose milk. 
The concentration of residual 
lactose (mg/ml) is plotted as a 
function of the number of suc-
cessive lactose hydrolysis cycles 
in homogenized pasteurized 
milk, both in the case of CH-
Saphera (◼) (A) and CH-Nola 
Fit (▲) (B) enzymes. One 
milligram per milliliter lactose 
concentration is indicated by a 
gray dashed line (the products 
containing lactose in < 1 mg/
ml concentration are defined as 
lactose-free). All experiments 
were performed in triplicates; 
the values are presented as 
mean ± SD
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The abilities of the free and immobilized enzymes for 
transgalactosylation were also determined and compared. 
The untreated milk was found to be absent from GOSs. The 
immobilized enzymes were able to produce GOSs in a con-
siderable amount, even in the first hour of the enzyme reac-
tion (Fig. 6). GOSs were present in 6–8 and 8–10% of the 
total sugar content of the milk in the case of CH-Saphera and 
CH-Nola Fit enzymes, respectively. After 2 h of treatment, 
the GOS content of the enzyme-treated milk was consider-
ably high in lactose-free milk. In contrast to this, the free 
enzymes were unable to synthesize even substantial amounts 
of GOS, independently from the LAC concentration (the 
milks that were treated with the free enzymes contained the 
LAC as a substrate of the transgalactosylation in higher con-
centration). The enzyme treatment not only decreased the 
lactose concentration in the milk samples but synthesis of 
GOSs in considerable final concentration was also achieved. 
The milks (or milk-derived products) that contain LAC in 

lower concentration (low-lactose or even lactose-free) and 
are enriched in GOSs may meet the needs of lactose intoler-
ant people and those who search for dairy products contain-
ing prebiotics.

The products of transgalactosylation reaction are consid-
ered GOSs, but nowadays, in the narrow sense, only oligo-
meric GOSs have been defined as prebiotics (Martins et al., 
2019]. Therefore, we compared not only the total GOS con-
tents of the enzyme-treated milks (Fig. 6) but determined  
the level of GOS-3 (GLC-GAL-GAL) as well. The pres-
ence of GOS-3 was detected in the milk during the entire 
process in the case of Saphera- and Nola Fit-treated milks 
as well (Table 3). The highest total GOS content in the milk 
was higher than 9% of the total sugar content. At these GOS 
concentrations, the LAC concentration was even below 10%. 
Based on the results shown in Table 3, at > 9% GOS concen-
tration, the LAC concentration was 2.4 mg/ml and 3.4 mg/ml  
for the respective CH-Saphera and CH-Nola Fit enzymes. The  

Fig. 6  Time-course of total 
GOSs formation and lactose 
(LAC) conversion in homog-
enized pasteurized milk using 
free and immobilized enzymes. 
The reactions were performed 
by using free and immobilized 
Saphera (A) and Nola Fit (B) 
enzymes at 37 °C. LAC con-
centration of the homogenized 
pasteurized milk varied between 
50 and 55 mg/ml before the treat-
ment, which was considered to 
be 100%. All experiments were 
performed in triplicates; the val-
ues are presented as mean ± SD
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hydrolysis became more dominant at longer incubation times, 
causing a decrease in LAC and GOS concentrations as well.

After the treatment, the HPLC-MS-based analyses con-
firmed that the prepared milks contain tetrameric GOS-4 
(GLC-GAL-GAL-GAL), indicating the presence of the 
prebiotic molecule at a considerable level. M/z values were 
calculated from the [M +  Na]+ ion forms of the GOS sac-
charides after extraction; the same samples were injected 
into HPLC (Table 4).

Interestingly, the free enzymes produced only GOS-3, 
while both CH-Saphera and CH-Nola Fit were able to form 
the longer GOS-4 as well. GOS-5 was not detectable in the 
studied samples. These results support the importance of 
enzyme immobilization, because the immobilized enzymes 
produced GOSs in higher amount, indicating their potential 
for the production of GOS-enriched products. A limitation 
of this study is that the GOS-4 production was not quanti-
fied (Table 3), although, the total GOS content of the treated 
milks comprised mainly GOS-3 and GOS-4 (Table 4).

Discussion

In this study, we investigated Saphera 2600L and Nola Fit 
5500 β-galactosidase enzyme solutions which have been 
commercialized for dairy industrial applications and contain 
a recombinant β-galactosidase of B. bifidum which was pro-
duced by fermentation of B. licheniformis expression strain. 
We aimed to study the abilities of these enzyme solutions 
for lactose hydrolysis and GOS synthesis, by comparing the 
characteristics of the free enzymes and those of immobilized 
CH beads. In addition, the most suitable conditions were 
tested for the preparation of GOS-enriched milk.

The Saphera and Nola Fit solutions used for hydrolysis 
and synthesis reactions were investigated by SDS-PAGE. 
Both were found to have high overall purity, and the pattern 
of the bands in the polyacrylamide gels (Fig. 1A) was in 
good agreement with that reported previously for Saphera 
2600L (Voget et al., 2022). The MS-based protein identi-
fication revealed that the most intense bands contain the 
β-galactosidase of B. bifidum and are free from proteins of 
B. licheniformis expression strain. The manufacturers rec-
ommend to store the Saphera and Nola Fit solutions at 0–10 
and 0–8 °C, respectively. Besides the recommended stor-
age temperature (4 °C), we have tested the stabilities of the 
enzyme solutions as well. Based on SDS-PAGE analysis, 
we observed no appearance of degradation products, which 
implied proper stability for both enzyme solutions even after 
storing them for 6 months (Fig. 1). In accordance with this, 
the enzymes were found to retain their hydrolase activity, 
as well, which is important from the viewpoint of the cost-
efficiency, as the solutions can be stored for months without 
inactivation, even at − 20 °C.

Table 3  Changes of LAC, overall GOS, and GOS-3 oligomer con-
centration in homogenized pasteurized milk during the treatment by 
immobilized enzymes. CH-Saphera and CH-Nola Fit enzymes were 
applied at 37 °C by incubating them with milk at different times. 

The treated milks were considered to be low-lactose or lactose-free, 
based on the resulting LAC concentration (< 10 mg/ml or < 1 mg/
ml, respectively. The LAC and GOS content of the milk prior to the 
enzyme treatment was considered to be 100 and 0%, respectively

CH-Nola Fit CH-Saphera

Time (min) LAC (mg/ml) Total GOS (%) GOS-3 (%) LAC (mg/ml) Total GOS (%) GOS-3 (%)

0 50 0 0 50 0 0
10 29.9 7.55 2.84 26.0 6.80 3.11
15 23.8 6.93 4.06 19.4 8.24 4.25
20 18.3 8.70 4.45 14.5 7.75 3.88
30 11.3 9.82 4.76 7.8 7.38 2.88 low-lactose
40 9.9 8.98 4.48 low-lactose 4.4 8.04 3.00 low-lactose
50 4.2 9.91 3.59 low-lactose 2.4 9.30 1.65 low-lactose
60 3.4 9.54 1.94 low-lactose 1.5 6.40 0.86 low-lactose
90 1.1 6.91 0.60 low-lactose 0.6 6.24 0.55 lactose- free
120 0.7 5.76 0.59 lactose-free 0.6 3.73 0.13 lactose-free
150 0.5 4.76 0.12 lactose-free 0.2 5.66 0.00 lactose-free
180 0.25 5.15 0.22 lactose-free 0.2 3.17 0.19 lactose-free

Table 4  Appearance of GOS oligomers in treated milk. The GOSs 
were identified based on their molecular weights based on HPLC-MS 
analysis. Both free and immobilized Saphera and Nola Fit enzymes 
were tested; the appearance of GOSs in homogenized pasteurized 
milk was determined after 30 min of enzyme treatment

GOS-3 GOS-4 GOS-5
527.2 m/z 689.2 m/z 851.2 m/z

Free Saphera  +  −  − 
CH-Saphera  +  +  − 
Free Nola Fit  +  −  − 
CH-Nola Fit  +  +  − 
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Dropwise addition is a well-known technique to form 
biopolymer-based beads (Flores et al., 2019; Klein et al., 
2012); we also applied this method to prepare the macro-
particles. The average size of the CH beads we prepared  
was 2 mm (Fig. 2). This is highly comparable with the mean 
diameters (~ 1–3 mm) of biopolymer-based beads formed 
from CH (Klein et al., 2016), alginate (Kurayama et al., 
2020), or other polymers (Bedade et al., 2019; Erlandsson 
et al., 2016). The biopolymer-based macroparticles were 
found to be suitable for enzyme immobilization, and the 
importance of the particle size has also been reported (Klein 
et al., 2012; Biró et al., 2008). Although the nanoparticles 
have a high specific surface area, special techniques are 
required for their efficient separation. In contrast to this, 
the macroparticles can be separated more simply and have 
higher thermal stability, but a higher amount of biopolymer 
is necessary for the bead formation.

Amino groups of CH can be cross-linked and activated 
using GA to facilitate the effective covalent binding of the 
enzymes to the CH beads. Conditions of enzyme immobi-
lization—including activation procedure, reaction time, or 
concentration of reactants—play an important role in the 
formation of active groups that are able to bind adequate 
amount of enzyme to the surface (Migneault et al., 2004). 
Many attempts have been made to study the enzyme immo-
bilization especially on chitosan (Klein et al., 2016; de 
Albuquerque et al., 2018); moreover, some of them used 
commercially available enzymes (Carrara & Rubiolo, 1994; 
Neto et al., 2021). Nevertheless, most of the studies focused 
on detailed analysis of immobilization (Carrara & Rubiolo, 
1994) or kinetic features (Nguyen et al., 2019; Harsa, 2014) 
of special reaction conditions, but the behaviors of the 
enzymes in milk remained to be determined. In this work, 
the optimal conditions of enzyme immobilization were 
investigated by determining the effects of GA concentration 
and activation time on the activities of the immobilized Nola 
Fit enzyme (Table 1). Both Saphera and Nola Fit B. bifidum 
β-galactosidases retained their activity upon immobilization. 
Interestingly, a relatively low (30 min) activation time was 
sufficient for immobilization, longer activation times (even 
6 h) decreased specific activity for CH-Nola Fit in all studied 
GA concentrations. The application of such a short reaction 
time is considered to be beneficial from the viewpoint of 
energy- and cost-efficiency.

The quantitative limits of enzyme immobilization were 
also investigated by determining the efficacy of coating and 
different bead concentrations. The results revealed that the 
beads can be applied even at 50 mg/ml final concentration 
for sufficient activation and enzyme immobilization. Nev-
ertheless, the immobilization was considered to be suffi-
cient enough in the higher bead concentration range, as well, 
because the relative activities were between 80 and 90% if 
the beads were used for activation and immobilization in 

75–100 bead/ml concentration (Fig. 3). Activating and coat-
ing as much beads as possible at a constant enzyme amount 
can decrease the costs.

Thermal stabilities of β-galactosidases may limit their 
application, and it is a crucial parameter of the industrial 
applications. The sensitivity towards temperature may 
depend on the type of enzyme, the support material, and 
the immobilization procedure itself (Urrutia et al., 2018; 
Flores et al., 2019). We have tested the thermal stabilities 
of the Saphera and Nola Fit β-galactosidases and found that 
the immobilized enzymes have increased thermostability as 
compared to the free enzymes at 50 °C (Fig. 4). A higher 
stability may be caused by the stabilization of the enzymes 
by the covalent attachment to the solid support, and due 
to the protective conformation that makes the immobilized 
enzyme more resistant to the damage of heat effect (Wahba, 
2018; Zhang & Rochefort, 2011). Due to the importance 
of lactase’s sensitivity towards temperature in the practi-
cal applications, several immobilization studies have inves-
tigated the thermostabilities of the developed systems. In 
agreement with our results, it has already been reported that 
enzymes immobilized on solid biopolymer supports have 
elevated thermostability (Pan et al., 2009; Hackenhaar et al., 
2021). de Albuquerque et al. reported significantly increased 
thermal stability for an immobilized enzyme which main-
tained > 60% of its initial activity after 20 h of incubation 
at 60 °C as compared to the free enzyme that inactivated 
rapidly (de Albuquerque et al., 2018). Klein et al. reported 
increased thermal stability of immobilized enzyme at 60 °C 
independently of the cross-linker as compared to the free 
enzyme (Klein et al., 2016). A β-galactosidase immobilized 
on CH macroparticles also showed increased thermal stabil-
ity as compared to that immobilized on CH nanoparticles 
(Klein et al., 2012). In conclusion, our results represent a 
considerable increase in thermal stability for the immobi-
lized Saphera and Nola Fit lactases.

We compared the effects of enzyme immobiliza-
tion on the catalytic properties of Saphera and Nola Fit 
enzymes (Table 2). Although the values obtained for the 
free and the immobilized enzymes were almost identical, 
the immobilization caused a considerable increase of  KM 
in the case of both enzymes. The increased  KM values 
of the immobilized enzymes indicated decreased affin-
ity of the immobilized enzyme to the substrate, possibly 
due to the conformational changes induced by covalent 
immobilization that may change the microenvironment of 
the enzyme (Wahba, 2018; Zhang & Rochefort, 2011). 
Another possible explanation can be the steric hindrances 
resulting after covalent conjugation (Gennari et al., 2018). 
In accordance with our results, similar effects of cova-
lent enzyme immobilization have also been reported, the 
enzyme immobilization was found to increase the  KM 
of the β-galactosidase of Aspergillus oryzae even using 
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chitosan (free enzyme:  KM = 11.5 mM, immobilized 
enzyme: 54.4 mM) (Flores et al., 2019) or Duolite A568 
resin solid supports for immobilization  (KM of the free 
and the immobilized enzymes was 78 ± 4 and 113 ± 6 mM, 
respectively) (Gürdaş et al., 2012). Despite the changes 
in the catalytic properties, the other experiments revealed 
that the enzymes retain their β-galactosidase activities 
upon immobilization and can be efficiently used for lac-
tose hydrolysis.

The high operational stability of immobilized enzymes 
has many benefits due to multiple causes. For example, 
the beads can be successively re-used without any further 
modification or activation, and the re-use of the beads may 
remarkably reduce the operational costs as well. In addition, 
the beads (coated with the immobilized enzymes) can be 
easily removed from the milk via simple filtration or sedi-
mentation techniques; consequently, the marketed product 
can be free from soluble enzymes unlike many lactose-free 
products that are supplemented with free β-galactosidase. 
In this work, we investigated the operational stabilities of 
the CH beads which were coated either with Saphera or 
Nola Fit enzymes; the lactase activities were measured in 
homogenized pasteurized milk in 16 consecutive cycles. The 
batch hydrolysis revealed that the enzyme-coated beads can 
be used efficiently in multiple cycles without the loss or 
remarkable decrease of their activity. Even after re-using 
the beads repeatedly, treatment of the milk decreased the 
primary 50–55 mg/ml LAC concentration, resulting in 
lactose-free milk (< 1 mg/ml residual LAC concentration) 
in most cases (Fig. 5). Many attempts have been made so 
far to produce excellent operational stability of immobi-
lized enzymes through tens of cycles (Flores et al., 2019; 
Klein et al., 2012), but these studies were usually carried 
out in buffered LAC solutions and only few papers describe 
the LAC hydrolysis in milk (or dairy-liquid) products like 
buffer-diluted ultra-high temperature-treated (UHT) milk 
(Lima et al., 2021) or buffered milk whey permeate solu-
tion (Hackenhaar et al., 2021). We found that the opera-
tional stability of CH-Nola Fit in milk was higher than that 
of Nola Fit encapsulated in a sodium alginate matrix; the 
latter showed a dramatic decrease in its activity even after 6 
cycles (Czyzewska & Trusek, 2021). Testing novel products 
scarcely has been performed in non-diluted and non-buffered 
milks; therefore, our results provide valuable information 
about the behavior of the immobilized enzymes in milk. 
Both CH-Saphera and CH-Nola Fit enzymes exhibited good 
operational stability; thus, their ability for sufficient in-milk 
LAC hydrolysis indicates high potential for the reduction of 
operational costs in practical application.

GOSs, as prebiotics that are functional food ingredients, 
have attracted the increasing attention of the researchers 
(Davani-Davari et al., 2019; Martins et al., 2019; Rudke 
et al., 2023). Several studies were performed to investigate 

the kinetics of LAC hydrolysis and the simultaneously 
occurring GOS synthesis and to determine the influenc-
ing factors of GOS production (Rodriguez-Colinas et al., 
2014; Yu & O’Sullivan, 2018). It is important to note that 
the reaction time, the pH, the temperature, and the LAC 
concentration are also crucial factors that may influence 
the transgalactosylation reaction (Hackenhaar et al., 2021). 
This information is relevant in regard to the practical imple-
mentation of GOS-enriched milk production in the industry, 
considering the fact that the number of influencing factors 
to modify is limited in the industrial processes of milk pro-
duction. Nevertheless, Rodriguez-Colinas et al. (2014) sug-
gested that pasteurization should be carried out after enzy-
matic treatment of the milk in order to stop the reactions. It 
has been noted that heat treatment prior to the enzymatic 
process is usually preferred in the industry to avoid the Mail-
lard reaction, which may result in milk with modified color 
and flavor.

In this work, we compared the abilities of the free and 
immobilized enzymes for LAC hydrolysis and GOS syn-
thesis via transgalactosylation. The free enzymes were con-
sidered to be unable for the synthesis of GOS in substantial 
amount, while the GOSs were present in 6–8 and 8–10% of 
total sugar content if the milk was treated with respective 
CH-Saphera and CH-Nola Fit (Fig. 6). The treated milks 
were considered to be low-lactose while being enriched in 
GOSs (Table 3); mainly in GOS-3, the GOS-4 was present in 
a lower amount while GOS-5 was not detectable (Table 4). 
Unlike the free enzymes, the β-galactosidases immobilized 
on chitosan beads can be applied for the production of low-
lactose (or even lactose-free) milk that is enriched in prebi-
otic GOSs.

Conclusions

The dairy industry has a trend to develop such dairy prod-
ucts that are fortified with molecules of beneficial features 
(including prebiotics) and/or have reduced sugar or fat con-
tent (Rudke et al., 2023). Studies on the enzymatic tools 
of potential industrial application may provide valuable 
information in regard to the production of dairy products 
with such improved features. Accordingly, in this work, we 
applied such methodologies for the investigation of Saphera 
2600L and Nola Fit 5500 authorized lactase enzyme solu-
tions which are considered to be easily adaptable for dairy 
industrial applications as described as follows.

We used a biocompatible and re-usable chitosan 
biopolymer matrix, which was found to be suitable for 
the immobilization of both Saphera and Nola Fit B. bifi-
dum β-galactosidases; using the enzyme-coated beads of 
high operational stability in repeated cycles can improve 
cost-efficiency.
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Such commercially available enzymes were used that 
have been authorized for the use in food industry; therefore, 
the food safety evaluation may be necessary only for the 
use of CH beads while implementing the described meth-
ods for industrial milk processing. It may be more benefi-
cial to use authorized industrial enzymes rather than whole 
microbial cells because former ones contain a considerably 
lower amount of potential contaminants and immunogens 
(based on product information they are free from the micro-
organisms which were used for enzyme production by fer-
mentation) (Ohmiya et al., 1977; Yu & O’Sullivan, 2018); 
nevertheless, there is a great potential in the application of 
immobilized microorganisms (de Souza et al., 2022) and 
whole-cell lactase catalysts (Dorau et al., 2021).

In addition, our results provide information about the abil-
ities of Saphera 2600L and Nola Fit 5500 for LAC digestion 
and GOS synthesis at the level of dairy milk processing as the 
enzymatic reactions were carried out in the complex environ-
ment of the homogenized pasteurized milk but not buffered 
conditions. The enzymatic catalysis is different in milk and in 
buffers (Ohmiya et al., 1975); therefore, the applied industrial 
lactases were not further purified or supplemented with any 
buffer components; e.g., no cations were added, and the pH 
or the initial pH of the milk was not modified.

Whey is a by-product during the production of many 
dairy products; thus, its efficient utilization is important 
from the viewpoint of cost-efficiency of the dairy milk pro-
cessing. Whey is a good source of milk oligosaccharides 
which can be concentrated, e.g., by nanofiltration (Altmann 
et al., 2016), and due to the abilities of β-galactosidases for 
the synthesis of GOSs in whey (Fischer & Kleinschmidt, 
2018), they are valuable tools for the enzymatic production 
of various lactose-derived molecules (Nath et al., 2016) A 
possible limitation of our study is that the characteristics of 
the immobilized β-galactosidases were investigated only in 
homogenized pasteurized milk (skim milk); their abilities for 
lactose hydrolysis and GOS synthesis in other dairy liquids 
(e.g., dairy waste whey) remain to be tested.

The enzymes immobilized from Saphera 2600L and 
Nola Fit 5500 solutions exhibited elevated ability for 
the synthesis of GOSs; the total concentration of the 
synthesized GOSs was substantially higher in the milk 
as compared to the free β-galactosidases. In contrast to 
this, the free enzymes produced GOSs in remarkably 
lower amount and were unable for the synthesis of GOS-
4. Transgalactosylation reactions from lactose may result 
in the synthesis of GOSs with different numbers of the 
comprising moieties (di-, tri-, tetra-, and pentasaccha-
rides) as well as various configurations of the bonds (e.g.,  
1 → 3, 1 → 4, 1 → 6) (Nath et al., 2016). We successfully 
identified GOS-3 and GOS-4 synthesized by CH-Saphera 
and CH-Nola Fit, but the detailed investigation of the syn-
thesized GOSs—including the determination of the bond 

configurations—were out of the goals and the extent of 
this study. Besides their ability for GOS synthesis, a ben-
eficial property of the immobilized enzymes is that they 
can be easily removed from the milk; consequently, the 
product can be absent from a soluble lactase.

Our results provide valuable information about the fea-
tures of the β-galactosidases of Saphera 2600L and Nola 
Fit 5500 enzyme solutions. After immobilization on the 
surfaces of CH beads, both enzymes can be applied for the 
production of such low-lactose (or lactose-free) milk which 
is enriched in prebiotic GOSs. The applied methodology 
must be tested for milk treatment on a higher scale and for 
determining whether it can be potentially implemented for 
other formulated dairy lactases.
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