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Abstract: The current requirements of industrial biocatalysis are related to economically benefi-
cial and environmentally friendly processes. Such a strategy engages low-temperature reactions.
The presented approach is essential, especially in food processes, where temperature affects the
quality and nutritional value foodstuffs. The subject of the study is the hydrolysis of lactose with
the commercial lactase NOLA™ Fit 5500 (NOLA). The complete decomposition of lactose into two
monosaccharides gives a sweeter product, recommended for lactose intolerant people and those
controlling a product’s caloric content. The hydrolysis reaction was performed at 15 °C, which
is related to milk transportation and storage temperature. The enzyme showed activity over the
entire range of substrate concentrations (up to 55 g/L lactose). For reusability and easy isolation, the
enzyme was encapsulated in a sodium alginate network. Its stability allows carrying out six cycles
of the complete hydrolysis of lactose to monosaccharides, lasting from two to four hours. During
the study, the kinetic description of native and encapsulated NOLA was conducted. As a result, the
model of competitive galactose inhibition and glucose mixed influence (competitive inhibition and
activation) was proposed. The capsule size does not influence the reaction rate; thus, the substrate
diffusion into capsules can be omitted from the process description. The prepared 4 mm capsules are
easy to separate between cycles, e.g., using sieves.

Keywords: NOLA™ Fit 5500; sodium alginate; encapsulation; competitive inhibition; glucose
activation; lactose-free milk; sweet-milk; low-temperature catalysis; heterogeneous enzymatic process

1. Introduction

Dairy products are present in our daily life. The benefits of milk and milk-related food
consumption are obvious and well-known. Unfortunately, lactose intolerance and the high
calorific value of dairy desserts are recognised as significant challenges to create healthy;,
balanced, and wholesome food products [1-3]. The lactose-free dairy market is a rapidly
growing area of the food industry and was valued at EUR 9 billion in 2022 [4].

Various methods of lactose decomposition or separation are applied to overcome
the hindrance of lactose intolerance. Enzymatic lactose hydrolysis is considered an eco-
nomically beneficial and environmentally friendly strategy [5]. Moreover, the variety
of commercially available lactases ([3-galactosidases, E.C. 3.2.1.23) allows creating more
sophisticated technological solutions. Nola ™ Fit 5500 (NOLA) from Bifidobacterium bifidum,
produced by a selected strain of Bacillus licheniformis, is an interesting lactase representa-
tive applied in milk and cheese manufacture [6-8]. It is characterised by great activity in
operational conditions related to dairy processes, e.g., related to pH, temperature, and the
ionic components present in milk.

Enzymatic lactose hydrolysis is well characterised in the literature. Most of the de-
scribed results concern lactose conversion at 35-50 °C [5,9]. The commercial preparation
of NOLA also uses this range of temperatures [8,10]. Unfortunately, experimental data
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obtained in the laboratory scale do not fully respond to the industrial operational condi-
tions, especially regarding temperature, which should be kept below 20 °C. The literature
reports provide little information about enzymatic lactose hydrolysis at low temperatures,
which can be performed during milk storage and transportation. Low-temperature biocatal-
ysis is characterised by commercial, economic, and environmental benefits. The prevention
from spoilage, microbial contamination, energy-saving, retention of labile and volatile
flavour compounds, and high taste quality are considered the most important benefits [11].

To meet the expectations of modern industrial biocatalysis, the enzymes are immo-
bilised with high efficiency, which guarantees long application [12-15]. Enzyme encapsu-
lation inside a natural polymer matrix is common in food technologies due to creating a
favourable internal environment and naturally derived carriers [16]. Moreover, the avail-
able molecular models on the analysis of carrier and enzyme structure allow selecting the
appropriate hydrogel matrix [17].

The available literature reports suggest the various models of kinetic description
during lactose hydrolysis catalysed by [3-galactosidase. Depending on the (3-galactosidase
isolation source and reaction conditions, the kinetics based on the Michaelis-Menten model
or product inhibition can be found. In the second case, glucose, galactose, as well as
mixed inhibition, is possible [18-22]. The most common strategy is related to competitive
galactose inhibition (Equation (1)).

ks ’Cenzyme “Clactose _ max*Clactose 1)

" K (1 + (Cgulactose/ Kz)) + Clactose K (1 + (Cguluctose/ Kl)) + Clactose

where:

C—concentration (g/L)

K;—inhibition constant (g/L)
K;;—Michaelis—-Menten constant (g/L)
ks_kinetic constant (1/min)

r—reaction rate (g/(L-min))
max—Maximum reaction rate (g/(L-min))

The main goal of the presented work is to characterise the preparation of NOLA,
which can be utilised during lactose hydrolysis on an industrial scale. The key assumption
leads to lactose bioconversion at 15 °C by native and encapsulated NOLA. The selected
temperature value directly corresponds to the temperature of milk transportation and
storage. A slightly acidic environment (pH 6.6) results in the pH of raw milk. According to
literature reports, the lactose concentration in raw cow milk is noted as 37-55 g/L [23] and,
thus, 55 g/L was the highest tested concentration.

The model of product inhibition or activation for both native and encapsulated NOLA
was verified for the kinetic description. For efficient enzyme immobilisation, the encapsula-
tion inside the sodium alginate matrix was selected. In the following section, the usefulness
of encapsulated NOLA was determined. In this case, NOLA reuse, the half-time value,
and diffusion resistance influence are discussed.

2. Results
2.1. Kinetic Characteristic of NOLA in the Native Form

The selection of NOLA concentration was performed in the range of 0.26-7.15 g/L.
The linear dependence of the relation v = f(Cezyme) was observed until 1.5 g/L. At 15 °C,
this enzyme concentration allowed obtaining the almost complete lactose decomposition
in 30 min independent of the initial substrate concentration (Figure 1).
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Figure 1. The lactose decomposition expressed as product (glucose) concentration changes by 1.5
g/L native NOLA, 15 °C, pH 6.6.

The hydrolysis reactions were carried out in a wide range of lactose concentrations, 5.0-
55.0 g/L, and for three different NOLA concentrations: 0.8, 1.2, and 1.5 g/L. An exemplary
reaction course used for reaction rate (r) calculation (r = dCyjycpse/dt) is presented in Figure 1.
The initial reaction rate was calculated until the maximum 6% of lactose conversion, during
which the influence of the products on the reaction run can be omitted. On the basis of 21
reactions, using the OriginPro 2021 programme, the obtained with the relative error 3.91%
values of Michaelis-Menten equation are followed: k3 = 3.28 L/min, K, = 30.00 g/L.

Referring to the literature reports, the inhibition by products was checked. Galactose
significantly inhibits the enzyme what is known from the previous reports [24,25]. This ef-
fect was visible for all tested lactose concentrations (5.0-55.0 g/L). The selected reactions
are presented in Figure 2.
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Figure 2. The influence of galactose on lactose hydrolysis rate (1.5 g/L native NOLA, 15 °C, pH 6.6).

The mathematical description of the process was well suited to competitive galactose
inhibition; thus, Equation (1) was applied. The average value of inhibition constant (K;) for
galactose based on 24 reactions was determined as 26.28 g/L (Table 1), while the values
of the constants k3 and K, were within the error range of the values determined from the
initial reaction rates.
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Table 1. The galactose effect—the values of the inhibition constant Equation (1); 1.5 g/L native
NOLA, 15 °C, pH 6.6; k3 = 3.28 £ 0.26 L /min, K;;; = 30.00 = 7.03 g/L.

Galactose (g/L) K; (g/L)
5 2449 £2.93
10 29.78 £ 4.68
20 29.46 + 3.64
28 21.39 £0.72

The effect of glucose on reaction rate was recognised on the basis of 28 reactions
performed at different glucose and lactose concentrations. The initial rates of these reactions
are presented in Figure 3.

@ lactose 55 g/L @ lactose 45 g/L O lactose 35 g/L
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Glucose concentration (g/L)

Figure 3. The glucose effect on reaction rate at various lactose concentrations (1.5 g/L native NOLA,
15°C, pH 6.6).

The effect of glucose on reaction rates is complex. It was described with the best
accuracy as simultaneous competitive inhibition and activation—Equation (2).

C ucose
kS'Cenzyme’ (1 + ng) “Clactose
r= C lucose (2)
K- (1 + 4g[<1. ) + Cluctose

where:

C—concentration (g/L)

K;—activation constant (g /L)
K;—inhibition constant (g/L)
K;;—Michaelis-Menten constant (g /L)
ks—kinetic constant (1/min)
r—reaction rate (g/(L-min))

The average value of inhibition constant (K;) for glucose was determined as 15.79 g/L,
activation constant (K;) as 0.76 g/L, while the constant values k3 and K;;, were within the
error range of the values determined from the initial reaction rates. Experimental values
and those calculated with the above values of constants are presented in Table 2.
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Table 2. The effect of glucose on the reaction rate (g/(L-min))—experimental data and values
calculated using Equation (2); 1.5 g/L native NOLA, 15 °C, pH 6.6, k3 = 3.28 £ 0.26 L/min,
Ky =30.00 = 7.03 g/L.

L?gc/t](j)s ¢ Glucose 5 g/L Glucose 10 g/L Glucose 20 g/L Glucose 28 g/L
Exper.  Calcul.  Exper. Calcul. Exper. Calcul. Exper. Calcul

5 0.856 0.756 0.897 0.803 1.066 0.880 1.005 0.930

15 1.824 1.793 1.853 1.929 2.455 2.164 2.546 2.322
25 2.409 2.469 2.929 2.682 3.534 3.056 3.330 3.315
35 2.943 2.946 3.277 3.221 3.712 3.712 3.400 4.059
45 3.166 3.300 3.213 3.625 3.312 4.215 3.642 4.637
50 3.187 3.445 3.497 3.792 3.769 4.425 3.978 4.881
55 3.363 3.573 3.672 3.940 3.794 4.612 4.162 5.100

The hydrolysis reaction of lactose produces equal amounts of glucose and galactose.
As studies have shown, although the effect of galactose and glucose on the reaction is different
(inhibition vs. activation, different values of K; constant), their equimolar concentration in the
reaction system does not significantly change the reaction rate (Figure 4). Thus, the effect of
inhibition in general description can be omitted.
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Figure 4. Galactose and glucose impact on the reaction rate (55 g/L lactose, 1.5 g/L native NOLA,
15 °C, pH 6.6).

2.2. Encapsulated NOLA Characteristics

Before the encapsulation procedure, NOLA stability in the presence of calcium ions
was studied. As a result, NOLA incubation in 15% CaCl; solution for 360 h does not change
the enzyme activity (data not shown). This observation confirms the creation possibility of
highly efficient preparation of encapsulated NOLA inside calcium alginate matrix.

In the next experiment, encapsulated NOLA reuse was examined. The number of
cycles during which enzyme utilisation is possible in the subsequent batches is a crucial
factor, especially in industrial biocatalysis. NOLA encapsulated into alginate capsules
can be reused for six cycles, where the highest cycle in which the enzyme shows more
than 20% initial activity is taken as the last cycle (Figure 5). Declining activity resulted in
longer individual cycle times to achieve complete (>97%) lactose hydrolysis. This time was
110 min for the first cycle and 247 min for cycle six.
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Figure 5. Reusability of encapsulated NOLA expressed by the percentage of the initial reaction rate.
Enzyme activity was determined in the presence of 55 g/L lactose, 15 °C, pH 6.6.

The stability of the preparation was described according to first order kinetics (Equa-
tion (3)).
A(t)

=0

= kinact.' f (3)

where:

A—enzyme activity expressed by the initial reaction rate [g/L-h]
kinact.—inactivation constant [1/h]
t—time [h]
The determined inactivation constant k;,,,.;. = 0.001828 L/h allowed calculation of the
half-life of the activity, which is about sixteen days (Figure 6).

0 I.. T T T T
0.2 .., 2200 400 600 800 1000

-04 - v @

Ln (A(t)/A0)

—1:6 7
-1.8

Time (hours)
Figure 6. The half-life time of encapsulated NOLA (15 °C, pH 6.6).

Using the encapsulation method developed and described in [26], it can be assumed
that the enzyme concentration inside the capsule is equal to the enzyme concentration
in the alginate solution dropped into the crosslinking bath. Hence, the efficiency of the
immobilisation itself is equal to 100%. Unfortunately, this is not directly reflected in the
enzymatic activity. Although encapsulation is the mildest form of immobilisation and
calcium chloride had no negative effect on NOLA activity, per mass of enzyme used in
the whole volume (lactose solution and capsules volume), the activity of the immobilised



Catalysts 2021, 11, 527

7 of 15

enzyme was lower. This resulted in the need to extend the reaction time to achieve complete
substrate conversion—Figure 7.

25.00
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= T ¢s o s =
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% 15.00 5 x
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2 1000 g It‘
S A encapsulated NOLA
$ 500 *
o
Q
=
QO 0.00 T T T
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Time (min)

Figure 7. The course of the complete lactose conversion by native and encapsulated NOLA expressed
by the product (glucose) concentration (39.29 g/L initial lactose concentration, 0.8 g/L enzyme
concentration, 15 °C, pH 6.6).

The results shown in Figure 7 suggest the possibility of diffusion resistance accom-
panying heterogeneous catalysis, which can take place when an encapsulated enzyme is
used [23]. Then, the rate of catalysis is significantly slower than that of substrate diffusion
into the hydrogel interior, and the substrate concentration profile across the hydrogel
capsule is flat. Its value is only a function of the substrate concentration in the solution
surrounding the capsules and is the highest as possible. This situation corresponds to the
kinetic regime of the process. In the diffusive regime, fast catalysis occurs at the surface
and in the closest surrounding layers of the capsules, and the substrate molecules do not
have the possibility to diffuse into the capsules. Thus, enzymes located near the centre of
the capsule will not be involved in a reaction.

The values of kinetic constant, substrate diffusion coefficient, and capsule diameter
included in the Thiele modulus (¢) determine the process regime [27]—Equation (4).

k
2 _ p2,

where:

Ds—substrate diffusion coefficient (m?/h)
k—Xkinetic constant (1/h)

R—capsules diameter (m)

¢—Thiele modulus

Hence, this parameter should be controlled and optimised when the capsule size
directly influences the profile of substrate concentration inside the capsules and directly
impacts the reaction process rate [27]. To test the effect of diffusion on the reaction, NOLA
capsules with four different diameters in the range 2.32-4.02 mm were used. As no
differences in process rate were observed (data not shown), the effect of diffusion on
hydrolysis can be excluded.

2.3. Kinetic of Encapsulated NOLA

The rate of reaction for encapsulated enzyme was calculated as follows.

;= Amglucose ®)

At '(Vbuffer + Vcapsules)
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where:

Mgycose—glucose (product) mass (g)
r—reaction rate (g/(L-min))
t—time (min)
Viuffer—volume of buffer with substrate (L)
V capsules—volume of capsules (L)
Examples of the hydrolysis process expressed by glucose concentration changes are
shown in Figure 8.

@ lactose 39.29 g/l Mlactose 17.85 g/L  Alactose 3.57 g/L

35 - {

3 ;

e
§ ®
uéz.s- }
g2 ‘ ; ®
SR
:
g 1 1
= a
0 & £ & g : . .
0 2 4 6 8 10 12

Time (min)

Figure 8. Lactose hydrolysis by encapsulated NOLA expressed by the product (glucose) concentration
(Cenzyme inside capsules is 0.8 g/L, capsule diameter is 4.02 mm, Vgpsuses / Vsonution = 04,15 °C, pH 6.6).

The initial reaction rate corresponding to hydrolysis of lactose mass in 5% at different
lactose concentrations is presented in Figure 9. On the basis of these values, using OriginPro
2021, the constants of Michaelis—Menten equation were calculated. The obtained values
of Michaelis—Menten constants with 4.85% relative error are as follows: k3 = 0.60 L/min,
Ky =2119g/L.

<
~

0.35 -

o
W
@
ry
yy

0.25 - é

o
N
1

0.15 ~

e
—_
1

0.05 -

O T T T T T
0 10 20 30 40 50 60

Lactose concentration (g/L)

Initial reaction rate (g/(L-min))

Figure 9. Kinetics of encapsulated NOLA (Ceyzyme inside capsules is 0.8 g/L, capsule diameter is
4.02 mm, Vgputes/ Vsotution = 0-4, 15 °C, pH 6.6).
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Like the native NOLA, the encapsulated biocatalyst is also competitively inhibited
by galactose (Figure 10). On the basis of 32 reactions, the average value of the K; constant
(Equation (1)) was determined as 7.40 g/L (Table 3). This value is considerably lower than
for the native preparation.

0.45
04 -
035 1
03 -
0.25 1
02 -
0.15 1

0.1 H
005 1 @ ¢

O T T T T T
0 10 20 30 40 50 60

Lactose concentration (g/L)

- HEH @
i B
HHH  HeH
P4 HEH

@ galactose 0 g/L

P M

M galactose 3.57 g/L
galactose 20.00 g/L

H-HHH @
H-HlH HH

Initial reaction rate (g/(L-min))

Figure 10. Galactose inhibition on encapsulated NOLA—Equation (1), Cenzyme inside capsules
is 0.8 g/L, capsule diameter is 4.02 mm, Veapsutes/ Vsotution = 04, 15 °C, pH 6.6.

Table 3. The galactose effect—the values of the inhibition constant Equation (1); encapsulated NOLA
(Cenzyme inside capsules is 0.8 g/L, capsule diameter is 4.02 mm, Vegpsutes/ Vsotution = 04,15 °C, pH 6.6);
k3 =0.6 £0.03 L/min, K;;, =21.19 £ 1.02 g/L.

Galactose (g/L) K; (g/L)
3.57 725+ 0.22
7.14 7.79 £0.51
14.29 6.33 +0.44
20.00 824 +£0.13

On the basis of 21 reactions, the average value of the inhibition constant (K;) for glucose
was determined as 10.54 g/L, while activation constant (K;) was 4.11 g/L. The constant
values k3 and K;;, were within the error range of the values determined from the initial
reaction rates. Experimental values and calculated with the above values of constants are
presented in Table 4.

Table 4. The glucose effect on the reaction rate (g/(L-min))—experimental data and values calculated
using Equation (2); Cenzyme inside capsules is 0.8 g/L, capsule diameter is 4.02 mm, Veapsutes/ Vsolution
=04,15°C, pH 6.6; k3 = 0.6 & 0.03 L/min, K, =21.19 £ 1.02 g/L.

L?;;E)Se Glucose 0.36 g/L Glucose 1.43 g/L Glucose 3.57 g/L

Exper. Calcul. Exper. Calcul. Exper. Calcul.
5 0.048 0.067 0.053 0.067 0.058 0.053
15 0.111 0.157 0.132 0.158 0.131 0.137
25 0.157 0.217 0.186 0.217 0.192 0.200
35 0.183 0.258 0.211 0.258 0.217 0.249
45 0.216 0.289 0.244 0.289 0.266 0.288
50 0.243 0.302 0.300 0.302 0.313 0.305

55 0.282 0.313 0.308 0.313 0.329 0.320
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The effect of galactose inhibition in encapsulated NOLA is stronger than glucose
influence; thus, higher mono sugar concentrations decrease the reaction rate (Figure 11).

140

120 -
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W glucose + galactose

O galactose

[}
(e}
1

@ glucose

'S
=)
L

Initial reaction rate (%)
}

N
(e}
1

0 A || || || ||

3.57 7.14 14.29 20.00
Glucose/galactose concentration (g/L)

Figure 11. The impact of glucose and galactose on encapsulated NOLA (39.29 g/L lactose, Cenzyme
inside capsules is 0.8 g/L, capsule diameter is 4.02 mm, Vi gpsuies/ Vsotution = 04, 15 °C, pH 6.6).

3. Discussion

The presented work focused on low-temperature lactose hydrolysis by the commercial
-galactosidase NOLA, both in native and encapsulated form. Temperature values during
lactose hydrolysis must be closely related to the properties of dairy products. In the
case described, 15 °C was used—one of the higher temperatures used for storing and
transporting milk, but acceptable and allowing relatively rapid enzymatic catalysis.

Due to the reusability of the preparation, the current technological trends encourage
immobilised enzyme application. Nonetheless, the proposition of NOLA encapsulation
is entirely new. The literature reports present various examples of 3-galactosidase immo-
bilisation. Among them, x-carrageenan beads [28], chitosan-hydroxyapatite beads [29],
fibres composed of alginate and gelatin hardened with glutaraldehyde [30], cellulose
acetate-polymethylmethacrylate membrane [31], and glass beads [32] have been proposed.
The utilisation of sodium alginate in the dairy industry context is justified due to the
natural source of the main compound and mild gelation conditions. However, in some
cases, calcium ions negatively affected enzyme activity [5,17,33-35]. There was no de-
crease in NOLA activity after incubation in the gelation bath in the presented immobilised
preparation.

The produced 4 mm diameter capsules are easy to separate, e.g., using sieves. The sta-
bility of the encapsulated enzyme allows six cycles of total lactose hydrolysis within a
cycle-dependent time of 2—4 h.

They are several kinetic model descriptions of enzymatic lactose hydrolysis catalysed
by B-galactosidase. Depending on the source of 3-galactosidase, the classic Michaelis—
Menten model as well as an equation with product inhibition (by galactose or glucose)
are presented. In this study, the competitive inhibition by galactose and simultaneous
competitive inhibition and activation by glucose was suggested. The first observation is
known from previous reports [21,36], but the positive glucose effect has not been previously
described. Equation (3) describes all these phenomena. The values of its constants are
summarised in Table 5.

Cel
kB'Cenzyme‘ (1 + ﬂ) 'Clactose

a(glucose)

C ucose C alactose
Km‘ (1 + L ) (1 + st ) + Clactose

Ki(glucase) Ki(galactose)

r =

(6)
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Table 5. The values of constants of Equation (6); 15 °C, pH 6.6.
Native NOLA Encapsulated NOLA
k3 (1/min) 3.28 0.46
K (g/L) 30.00 21.19
Ka(glucose) (8/L) 26.28 7.40
Ki(giucose) (g/L) 15.79 10.54
Ki(galactose) (8/L) 0.76 4.11

In contrast, the kinetic parameters for native cold-active 3-galactosidase obtained from
Arthrobacter sp. for strain BgaS and its mutants were specified at 15 °C as 0.17-4.35 g/L
and 44.4-3015.6 L/min, for K,; and k3, respectively. Additionally, the K; value for galactose
inhibition was in the range of 2.49-8.21 g/L [37]. Furthermore, for chitin-immobilised (3-
galactosidase isolated from K. marxianus, the kinetic parameters were determined as 6.26 g/L,
12.67 g/L, and 0.24 umol/min IU, respectively, for K, K; (galactose), and k3 [19]. According to
the latest reviews, regardless of the (3-galactosidase isolation source, the value of K;;; may be
more or less than K;. Additionally, the negative galactose effect is more substantial in fungal
preparations than yeast and bacterial [18]. The available reports, which present encapsulated
(3-galactosidase into chitosan and alginate-gelatin with glutaraldehyde, can be characterised
by K, values such as 3.25 and 16.7 g/L at 35-37 °C, respectively [30,38].

Enzyme immobilisation brings undoubted benefits into the area of industrial biocatal-
ysis. The most important is enzyme reuse. In the presented research, encapsulated NOLA
can be utilised for six cycles. In subsequent cycles, NOLA activity decreased. The last cycle
time should be extended to about 4 h. These results are satisfactory, especially in the case of
temperature value during lactose conversion, 15 °C, which corresponds to the temperature
of milk transportation and storage. For comparison, acid whey bioconversion catalysed by
NOLA can last even 2 h at 40 °C [28].

Enzyme encapsulation can be related to diffusion hindrance, both substrate and
reaction products. The obtained results indicate that diffusion effects on hydrolysis during
encapsulated NOLA action can be excluded. According to [39], during lactose hydrolysis
in the packed-bed reactor, the intraparticle diffusion resistance and external mass transfer
resistance affect the internal effectiveness factor. In the presented study, the effect of
diffusion was investigated in a mixing reactor proposed as a process solution.

The need to hydrolyse lactose is a challenge in particular to obtain an allergy-free
product. Nevertheless, we note that there is another aspect to the hydrolysis of lactose
to monosaccharides. Sugar supplementation of dairy products is a commonly used phe-
nomenon, especially during production of yoghurts, milk drinks, and puddings, to achieve
the appropriate taste and texture, colour, and viscosity of milk-related foodstuffs [1,8].
This is an undesirable approach, especially in the diet of children and obese people. The so-
lution can bring lactose hydrolysis. The sweetness index of the lactose-free products is
defined as 3.7 times greater than in the same products, including lactose. Moreover, the
effect of this observation is compared to the 2.5% w/v sucrose addition.

4. Materials and Methods
4.1. Materials

The commercial 3-galactosidase NOLA™ Fit 5500 (NOLA) was obtained from Chr.
HANSEN (Hersholm, Denmark), sodium alginate, and HEPES buffer were purchased from
Sigma-Aldrich (Munich, Germany). The analytical glucose test was obtained from Biomax-

ima (Lublin, Poland). The other reagents were purchased from Avantor Performance
Materials Poland S.A. (Gliwice, Poland).

4.2. Methods
4.2.1. Kinetic Characteristic of NOLA in Native Form

Lactose decomposition was carried out in plastic test tubes at a volume of 15 mL. The
reaction mixture (the final volume of 5 mL) consisted of NOLA at an appropriate concen-
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tration in the range of 0.26-7.15 g/L and 5.0-55.0 g/L lactose solution in 0.1 M HEPES
buffer, pH 6.6. The reaction was carried out at 15 °C. The moment of enzyme addition to
the lactose solution was recognised as the beginning of the reaction. The reaction progress
was determined by the glucose concentration measurements, which were determined
spectrophotometrically at 500 nm by the Biomaxima analytical glucose test. A 10 uL aliquot
of the sample was added to 1 mL of analytical reagent. After mixing, the solution was
incubated for 5 min at 37 °C. Next, the spectrophotometric measurement was performed.
The initial reaction rate was calculated until 5% of lactose mass was hydrolysed.

4.2.2. The Effect of Glucose and Galactose on NOLA Activity

To assess the impact of glucose and galactose on NOLA activity, exogenous sugars
at the concentration of 0.25-28.0 g/L were added to the 55.0 g/L lactose solution. The re-
action was performed at 1.5 g/L NOLA, 15 °C. This strategy was used for native and
encapsulated preparation.

4.2.3. Kinetic Measurements

The kinetic parameters were obtained for three different enzyme concentrations 1.5, 1.2,
and 0.8 g/L at5.0-55.0 g/L lactose in 0.1 M HEPES buffer, pH 6.6, at 15 °C. The product inhi-
bition was determined at glucose and galactose concentrations in the range of 0.5-28.0 g/L.
The final reaction volume was 5 mL. For calculations, OriginPro 2021 (Trail version) was
used.

4.2.4. NOLA Encapsulation

The alginate capsules with NOLA were prepared according to [26]. The reagents were
dissolved in 0.1 M HEPES buffer pH 6.6. The tested enzyme concentrations, determined
by the Lowry method [40], were in the range of 0.45-1.5 g/L. To avoid enzyme diffusion
during capsule creation, the crosslinking bath included the same enzyme concentration as
in the dropped solution. In this solution, the capsules were stored until they were applied
in reaction.

4.2.5. The Activity of Encapsulated NOLA

Lactose hydrolysis was carried out in thermostated stirred-tank reactors of a total
volume of 50 mL, at 15 °C and with a stirring velocity of 230 rpm. The volume of the
reaction mixture was 10 mL, and the number of capsules was calculated each time to obtain
the appropriate enzyme concentration in the total reaction volume (final concentration of
0.45-1.5 g/L). Lactose solution at the desired concentration in the range of 3.57-39.29 g/L
was prepared in 0.1 M HEPES buffer solution. The moment of capsule addition to the
lactose solution was recognised as the beginning of biocatalysis. The reaction progress
was determined through measurements of glucose concentration, which was determined
spectrophotometrically at 500 nm using a glucose analytical reagent.

4.2.6. NOLA Stability at the Presence of Calcium Ions

To determine NOLA stability in the presence of Ca?*, the enzyme was incubated in
15% CaCl, solution. At specific intervals (0.5-360 h), the activity of incubated NOLA was
determined. For this purpose, the sample of NOLA at a concentration of 0.5 g/L was
added to 1.61 g/L lactose solution at 15 °C. The NOLA stability in the presence of Ca?*
was determined based on the changes of the initial reaction rate values before and after
incubation.

4.2.7. NOLA Reuse

The possibility of encapsulated NOLA reuse was determined in cycles. Each cycle
was monitored to the 97% of lactose decomposition by encapsulated NOLA. The reaction
mixture was consisted of 39.29 g/L lactose and 1.5 g/L NOLA at 15 °C, pH 6.6.
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4.2.8. Diffusion Restrictions

To check the diffusion resistances, the capsules with 1.5 g/L NOLA concentration
and diameters in the range of 2.32-4.02 mm were used. The reaction mixture consisted of
39.29 g/L lactose in 0.1 M HEPES buffer solution, pH 6.6, at 15 °C.

4.2.9. Determination of Encapsulated NOLA Kinetic Parameters

The kinetic parameters for encapsulated NOLA were determined in the presence
of lactose at the concentration range of 3.57-55.29 g/L. The NOLA concentration inside
capsules was 0.8 g/L and the capsule diameter was 4.02 mm. The product inhibition was
determined at the presence of exogenous glucose and galactose in the concentration of 3.57-
20.0 g/L. The reaction volume was 10 mL. For calculations, OriginPro 2021 (Trail version)
was used.

5. Conclusions

From an industrial point of view, the efficient lactose hydrolysis catalysed by NOLA
at 15 °C is noteworthy. This is due to the encapsulated preparation properties: low tem-
perature of biocatalysis, highly active and stable enzyme, using the natural compound as
alginate to create a hydrogel network, and kinetic properties indicating a positive glucose
effect. Additionally, the highest value of sweetener index related to lactose-free milk re-
duces the necessity of exogenous sweetener addition, which is valuable especially in milk
desserts. Furthermore, NOLA activity at 15 °C creates the opportunity for new techno-
logical process construction in which lactose can be efficiently hydrolysed during milk
transportation and storage. Moreover, the encapsulated preparation can be easily separated
between cycles due to capsule size. This approach allows combining the economic benefits
of low-temperature catalysis and the high quality of the lactose-free products.
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