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Abstract: Galacto-oligosaccharides (GOS) are prebiotics manufactured enzymatically from lactose
as substrate. The growing GOS market facilitates the valorization of dairy by-products which
represent cheap and abundant sources of lactose. Large-scale GOS production typically employs
soluble enzymes in batch reactors that are commonly associated with low enzyme usability and,
therefore, high operational expenditures. In this study, we investigate the possibility of recovering
enzymes by ultrafiltration (UF) and reusing them in repeated reaction steps. The proposed process
scheme included 24 h batch reaction steps with Biolacta N5, a commercial enzyme preparation of
Bacillus circulans origin. The reaction steps were followed by UF steps to separate the carbohydrate
products from the enzymes by applying a volume concentration factor of 8.6. Then, the collected
biocatalysts were reused for repeated cycles by adding fresh lactose. Enzyme losses were quantified
with a direct method by analyzing the underlying relationship between reaction rates and enzyme
dosage obtained from additional experiments conducted with known enzyme loads. Within five
cycles, the enzyme activity declined gradually from 923 to 8307 U·kg−1, and the half-life was
estimated as ca. 15.3 h. The outcomes of this study may serve as a basis for further optimization of
the reported process scheme with enhanced enzyme usability.

Keywords: galacto-oligosaccharides (GOS); lactose; β-galactosidase; Biolacta N5; ultrafiltration;
enzyme membrane reactor

1. Introduction

Galacto-oligosaccharides (GOS) are known to be prebiotic ingredients with a steadily
growing market share [1]. They are considered to be GRAS (generally recognized as safe)
substances, and their usage is approved for a wide range of general food applications as
well as for infant formulations. In terms of structural composition, GOS are non-digestible
oligosaccharides consisting of various galactosyl residues (typically ranging from two to
nine units) and a terminal glucose linked via glycosidic linkages such as -(β1–2), -(β1–3),
-(β1–4), and -(β1–6) [2].

GOS manufacturing involves an enzyme-catalyzed reaction using lactose as a substrate.
At large-scale, this can be realized by obtaining lactose from whey [3]. The valorization of
whey, as an abundant and cheap source of lactose for GOS manufacturing, may address
environmental concerns related to the discharge of whey as wastewater [4]. Enzymatic
approaches for GOS production include biocatalysis using whole cells [5,6], and enzymes in
free [7,8] or immobilized form [9,10]. B-galactosidases of various origins, such as bacteria,
yeasts, and filamentous fungi, are applicable for GOS biosynthesis [11]. The source of the
enzyme is reported to have a significant impact on the final product quality and quantity
as far as GOS yield, linkage type, and degree of polymerization (DP) is concerned [12]. In
addition to the enzyme origin, the reaction conditions, such as substrate concentration,
enzyme concentration, temperature, and pH, may also affect the conversion process [13–15].
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The current, large-scale manufacturing of GOS is typically carried out in batch fashion
using stirred-tank reactors and employing soluble, single-use enzymes. Once the reaction is
terminated, the enzymes are inactivated and removed from the GOS product by a sequence
of downstream operations. The cost of the biocatalyst and the expenses associated with its
removal constitute a substantial portion of the overall operational costs [16]. To overcome
this problem, several attempts have recently been made to find technologies that allow the
reuse of biocatalysts. These include packed bed reactors (e.g., in [10,17]), and membrane
reactors with free (e.g., in [18,19]) and immobilized (e.g., in [20–22]) enzymes.

For such processes, the stability of the enzyme is a key factor. Although there is a
considerable amount of information available on the effects of various reaction conditions
on GOS yields (e.g., in [23,24]), data on enzyme half-life are limited to a few research
papers. Available data on the stability of β-galactosidases used for GOS-production are
summarized in Table 1.

As indicated in Table 1, measured half-life spans a wide range between 10−2 h and
105 h, depending on the source of enzyme, type of application of the selected enzymes
(free versus immobilized), and various reaction conditions, such as pH, temperature, and
applied substrate concentration.

In order to quantify the stability of GOS-producing β-galactosidases over time, pre-
vious investigators have employed the two-stage series mechanism [10,18,22] and its
simplified forms [17,21,25].

The two-stage series mechanism of inactivation is represented by the scheme:

E0
k1→ Eα1

1
k2→ Eα2

2 (1)

where E0, E1, and E2 represent the enzyme activity at initial, intermediate, and final state,
respectively, k1 and k2 are the deactivation velocity coefficients, and. α1 and α2 are the ratio
of specific activities of E1/E0 and E2/E0, respectively.

The relative enzyme activity y at specific time t can be calculated as:

y =

[
1 +

α1k1 − α2k2

k2 − k1

]
e−k1t −

[
α1k1 − α2k2

k2 − k1

]
e−k2t + α2 (2)

If the enzyme is assumed to be completely inactivated at its final state, i.e., α2 = 0,
then Equation (2) is reduced to

y =

[
1 +

α1k1

k2 − k1

]
e−k1t −

[
α1k1

k2 − k1

]
e−k2t (3)

A specific case of the above model is the single-step model with non-zero activity at
the final enzyme state, such that k2 = 0. In this case, the reaction scheme is reduced to

E0
k1→ Eα1

1 (4)

and Equation (2) can be simplified to

y = (1− α1)e−k1t + α1 (5)

If the native (active) enzyme is assumed to be converted in a one-step reaction into an
inactive structure, i.e., α1 = 0, then the model can be further reduced to:

y = e−k1t (6)

This later, simplified model is known as the single-step first-order model, and it has
been validated for β-galactosidases of various origins by several studies [17,21,25].
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Table 1. Summary of investigations on enzyme stability of β-galactosidases in GOS production.

Enzyme Type/
Microorganism

Reactor
Configuration

Reaction Conditions
Half-Life (h) Deactivation

Model

Activity
Measurement

Method
Ref.

Lactose Conc. pH Temp. (◦C)

β-galactosidase/Aspergillus oryzae

Batch (FE) 0 g·L−1 4.5
40 399

Equation (6) DM * [17]

50 49
60 2

Continuous (IE) 200 g·L−1 4.5
40 10,040
50 1155
60 49

β-galactosidase/Aspergillus oryzae

Batch (FE) 0.1 g·L−1 4.5
50 42

Equation (2) oNPG [10]

55 7.4
60 0.8

Batch (IE) 2% w·v−1 4.5
50 163–166
55 9.3–20.5
60 0.9–1.9

Biolacta N5/Bacillus circulans Batch (FE) 30% w·w−1 6
25 29

Equation (6) oNPG [25]40 29
60 16

Biolacta N5/Bacillus circulans
Batch (FE) 4.6% w·w−1 6 50 12 Equation (5) oNPG [18]
Batch (IE) 4.6% w·w−1 6 50 21–387

Biolactasa-NTL CONC X2/Bacillus circulans
Batch (FE) 0 g·L−1 6 60 ~0.05 Equation (3) oNPG [22]
Batch (IE) 0 g·L−1 6 60 0.25–3

β-galactosidase/Klebsiella oxytoca ZJUH1705

Batch (FE) β-gal 1 40% w·w−1 7

30 141.67

Equation (6) oNPG [21]

40 18.33
50 0.04
60 0.01

Batch (FE) β-gal 2 40% w·w−1 7

30 88.33
40 1.17
50 0.17
60 0.01

* DM: direct method defining one unit of enzyme activity as the amount of enzyme producing 1 µmol of glucose from lactose under defined conditions; FE: free enzyme;
IE: immobilized enzyme.
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It is worth mentioning that efficient GOS production requires a high substrate con-
centration (typically above 200 g·L−1) in order to avoid pronounced hydrolysis of lactose
into glucose and galactose. Due to the low attainable GOS yields, enzyme stability val-
ues determined at low substrate concentrations, i.e., entries [18,21] in Table 1, are less
relevant for the scope of this study. As indicated in Table 1, a common practice is to
measure the resting stability of enzymes incubated in buffer solutions (e.g., in [17,22]). It
should be noted that values obtained in such way may greatly deviate from true opera-
tional stability determined under conditions of high substrate concentrations. Addition-
ally, as shown in Table 1, enzyme stability has been commonly evaluated by the oNPG
method. Although it is a convenient and rapid method, it provides an indirect measure
of the true GOS-producing activity. In fact, the method has been previously criticized by
Warmerdam et al. [25] to under- and/or overestimate true activity, and a complex calcula-
tion procedure was proposed to correct the oNPG converting activity for the presence of
lactose, glucose, galactose, and oligosaccharides in the activity assay.

The conventional GOS production realized in batch reactors using free enzymes is
known to result in high GOS yields; however, it suffers from high operational expenditures,
mainly due to the high costs of the biocatalysts with low enzyme reusability [26]. In
contrast, enzyme membrane reactors (EMRs) utilizing free enzymes offer a continuous GOS
production scheme [27,28]. As the ultrafiltered product stream is free of enzymes, they
eliminate the need for subsequent downstream purification steps and may allow enzyme
usage for extended periods of time. The drawback of continuous EMRs is, however, that
they offer lower yields than conventional batch reactors [7]. A possible process alternative
could be realized by the combination of batch reaction steps and subsequent ultrafiltration
steps for enzyme recovery. Such a processing scheme may combine favorable features
of these two technologies in terms of high yield and reduced costs for biocatalysts. To
the best of our knowledge, this hybrid method, employing repetitive batch reaction and
ultrafiltration steps, has not been investigated previously.

In this study, we investigate the possibility of recovering soluble enzymes by ultrafil-
tration in the batch production of GOS. The activity decline of enzymes over the consecutive
cycles is determined under true operational conditions by a direct method that is based on
evaluating the progress curves of individual fractions and comparing those with reference
data measured at known enzyme loads.

2. Materials and Methods
2.1. Materials

A β-galactosidase, Biolacta N5 (Amano Enzyme Inc., Nagoya, Japan), isolated from
Bacillus circulans, was utilized as a catalyst in all experiments. The activity of the crude
enzyme preparation was measured to be 923 to 8307 U·kg−1, as determined by the activity
assay described in Section 2.2. Lactochem Fine Powder, a pharmaceutical-grade lactose
monohydrate produced by FrieslandCampina Domo B. V. (Amersfoort, The Netherlands),
was employed as the substrate.

2.2. Enzyme Activity Assay

The activity of Biolacta N5 was determined by a direct measurement method on lactose
as substrate. Lactose was dissolved in deionized water in a concentration of 300 g·kg −1.
The pH was set to 6.0 by adding NaOH. The reaction was initiated by dosing Biolacta N5
at a concentration of 0.9 g·kg−1 into the reaction solution. The reaction was carried out in
triplicate. After 20 min of incubation at 50 ◦C, the reaction was terminated by a 30 min
heat treatment at 90 ◦C. High Performance Liquid Chromatography (HPLC) was used to
determine the concentration of DP2 as described in Section 2.7. One unit of enzyme activity
(U) was defined as the quantity of enzyme that converted 1 µmol of DP2 per minute under
the given reaction conditions.
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2.3. Enzymatic Conversion in Stirred Tank Reactor (STR)

To investigate the effect of enzyme load on the progress of the reaction, a series of
small-scale tests in batch fashion was performed by varying the enzyme activity from 923
to 8307 U·kg−1. In each test, a 300 g reaction solution consisting of 300 g·kg−1 lactose
was prepared in a beaker and placed on a C-MAG HS7 (IKA-Werke GmbH & Co. KG,
Staufen, Germany) hotplate magnetic stirrer equipped with temperature control unit. The
reaction solution was incubated at 50 ◦C and pH 6.0 under gentle stirring at 60 rpm using a
magnetic stirrer. The reaction was monitored for 24–48 h. Samples were taken at regular
time intervals and treated at 90 ◦C for 30 min to inactivate enzymes prior to HPLC analysis.

2.4. Cyclic Production of GOS in an Ultrafiltration-Assisted Reactor (Cyclic-EMR)

The enzymatic production of GOS was carried out in a batchwise manner, in multiple
cycles, using the lab-scale equipment shown in Figure 1.
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Figure 1. Piping and instrumentation diagram of cyclic enzymatic membrane reactor (cyclic-EMR).

The configuration, here referred to as cyclic enzyme membrane reactor (cyclic-EMR),
included two main parts: a stirred tank reactor (STR) and an external ultrafiltration (UF)
membrane unit.

Lactose was enzymatically converted into GOS in a stainless-steel double jacketed
vessel (TK-1) equipped with an overhead stirrer (A-1). The reactor was thermostated at
50 ◦C using a Julabo 5B waterbath thermostat (Julabo GmbH, Seelbach, Germany). A
digital LT101 thermometer (Dostmann GmbH, Wertheim, Germany) was used to monitor
the temperature (TI-102).

After completing the reaction step in the STR, the reaction liquid was concentrated by
UF. A Hydra-Cell D-10 diaphragm pump (Wanner Engineering, Inc., Minneapolis, MN,
USA) was used to recirculate the material retained by the ultrafilter (i.e., retentate) to the
reactor. The recirculation flowrate was set to 180 L·h−1 by using a variable frequency
drive (VFD). The pressure was adjusted by the retentate control valve (V-1) and monitored
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by the pressure gauge (PI-101). The membrane unit (M1) included a 0.26 m2, 30 kDa,
polyethersulfone hollow-fiber module (type: FB02-CC-FUS-0382) purchased from Microdyn
Nadir GmbH (Wiesbaden, Germany). During UF, the permeate was collected in the
permeate vessel (TK-2), and its weight was monitored with the scale (SC-1).

The enzymatic conversion was carried out in 5 successive cycles. Each cycle was
performed by executing a protocol consisting of 3 operational steps, as follows:

• In the first step, a traditional STR was employed to carry out a batchwise reaction.
A 9.5 kg reaction solution with an initial lactose concentration of 300 g·kg−1 was
introduced in the reactor TK-1. The reaction was performed at 50 ◦C and pH 6.0, using
an initial enzyme activity of 8307 U·kg−1. Samples were regularly taken from the
reactor and heat-treated at 90 ◦C for 30 min prior to the saccharides analysis by HPLC.

• In the second step, the membrane unit M-1 was attached to the reactor, and the
reaction liquid was filtered through UF in an inside-out flow configuration at 0.5 bar
transmembrane pressure until 8.4 kg of permeate was collected.

• In the third step, the membrane module M-1 was de-attached from the plant. A total
of 8.4 kg of fresh substrate solution consisting of 300 g·kg−1 of lactose was added into
the concentrated enzyme solution in the reactor. Then, step 1 of the next cycle was
started. The de-attached membrane was subject to a cleaning procedure, as detailed
in Section 2.5.

2.5. Membrane Regeneration Procedure

After each filtration step, a membrane cleaning procedure was performed as follows:
(1) draining and flushing the UF module with DI water several times; (2) circulating a
NaOH solution (pH 9–10) for 1–2 h at 40–50 ◦C under 0.1–0.2 bar pressure; (3) draining and
flushing the module several times with DI water to remove the cleaning agent; and finally
(4) measuring the permeability of the cleaned membrane with DI water. Overnight, the
module was stored in saturated salt solution to prevent microbial growth and drying out
of the membrane material.

2.6. Analysis of Progress Curves

The progress curves of individual saccharides fractions in STR at different enzyme
loads were evaluated by the model adopted from [3]. The concentration of generated
saccharides fractions (i.e., glucose, galactose, and DP2 to DP6 fractions) as a function of
incubation time is described by the saturation model

F(t) = C0 + p1
(
1− e−p2t), (7)

where F is the concentration of individual saccharide fractions, t is the reaction time, C0 is
the initial concentration of saccharides, and p1 × p2 is the initial reaction velocity (i.e., slope
of the curve at time point t = 0). While p2 > 0, in the case of DP2 (expressed in g·kg−1),
p1 < 0 (F is decreasing); in all other cases p1 > 0 (F is increasing).

Next, the enzyme activity of various saccharide fractions, depending on the initial
reaction velocity (p1 × p2), was fitted by a no-intercept linear function.

The normality of the model residuals was checked by their skewness and kurtosis (the
absolute values were all below 1). The model accuracy was tested by ANOVA F-test. More-
over, the parameter estimations were also tested by t-test. Finally, the explained variance
rates (R2) were calculated and tested for their significance. The statistical assessment was
performed with the statistical software IBM SPSS v27 (Armonk, NY, USA) [29].

2.7. High Performance Liquid Chromatography (HPLC) Analysis

The detection of various carbohydrate fractions was performed by the HPLC method
as described in [7]. In brief, the HPLC system consists of three main components,
(1) Thermo Separation, including an Intersciences SCM1000 degasser, a gradient pump
P200, an Autosampler AS100, and a built-in Column Oven, (2) a Shodex R-101 refractive
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index detector from Showa Denko Europe GmbH, Munich, Germany, (3) and an N2000
Chromatography Data System from Science Technology (Hangzhou) Inc. (Hangzhou,
China) for peak detection and integration. The RNM carbohydrate 8% Na+ 300 × 7.8
(Phenomenex, Torrance, CA, USA) analytical column and a guard column were used under
the condition of 50 ◦C at 0.2 mL·min−1 with a mobile phase of pre-filtered (2 µm) DI
water. Samples taken from the reactor were subject to deactivation (90 ◦C, 30 min) prior to
HPLC analysis.

3. Results

In this study, a stirred-tank reactor employing soluble enzymes was used to produce
GOS from lactose in five consecutive cycles. After each cycle, the enzymes were recycled
by ultrafiltration and reused by dosing fresh substrate solution for the repeated cycles.
During the cycles, concentrations of the individual saccharides fractions in the reactor were
monitored. Additionally, a series of additional tests in STR were performed by varying the
enzyme load. The results obtained in STR (as described in detail in Section 3.1.) at known
enzyme loads were then compared with the progress curves obtained from the cyclic-EMR
(see Section 3.2.), in order to quantify the losses of enzyme activity experienced cycle
by cycle.

3.1. STR Performance

Five batch experiments with varying enzyme load were conducted under otherwise
identical reaction conditions of 300 g·kg−1 initial lactose concentration, 50 ◦C, and pH 6.0.
Time courses of GOS synthesis in the STR for the different enzyme loads, ranging from 923
to 8307 U·kg−1, are presented in Figure 2.

The lactose in the reactor was converted into GOS (DP3-DP6) and glucose. Although
the applied HPLC-RI method restricts us to the measurement of the total amount of DP2
fraction, the literature data suggest that non-lactose dimers with various types of linkages
and monomers may also appear during the reaction mixture [30]. The extent of hydrolysis
activity, as measured by the amount of generated galactose, was negligible. The galactose
concentration has remained typically below 1–3 w/w%. In all cases, the DP3-DP6 fraction
increased gradually by the reaction time, then reached a plateau at 35.9 ± 1.8 w/w% on
total carbohydrate basis. The highest synthesis rate of GOS occurred at the beginning of
the reaction, followed by a gradual stabilization of GOS content. After reaching the plateau,
the composition of short-chain oligosaccharides (i.e., the relative amounts of individual
GOS fractions) went through some further changes; however, the total amount of GOS
remained approximately constant for the rest of the observation period. For example, the
GOS content peaked at the end of the reaction (~24 h) in the case of an enzyme load of
923 U·kg−1, whereas it peaked around 6 h for 8307 U·kg−1. The applied enzyme load
affected the time of reaching the plateau but did not influence the composition profiles. As
expected, higher enzyme loads resulted in higher reaction rates.

The saturation models (Equation (7)) were fitted to the observed concentration profiles.
The results of curve fitting procedure, including the estimated parameters, their standard
errors and 95% confidence intervals, together with the model accuracy F-tests, the explained
variance rates (R2) and the initial reaction velocity values (p1 × p2), are summarized in
Table 2. Overall, the observed data correspond well to the assumed models.

The initial reaction velocity, which is the product of parameters p1 and p2, was deter-
mined for the individual saccharides fractions. This quantity may serve as a measure of
enzyme activity. The underlying relationship between initial reaction velocity and enzyme
activity is presented in Figure 3.
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to 8307 U·kg−1. Mean values and standard deviation of triplicate measurements are shown for
8307 U·kg−1. The solid lines present model predictions (Equation (7)), while symbols represent
measured values. Operational conditions: 300 g·kg−1 initial lactose concentration, pH 6.0, 50 ◦C,
60 rpm.
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Table 2. Estimated parameters for the saturation model (Equation (7)) for different enzyme activities
(rounded for two digits), their standard errors and 95 % confidence intervals together with the model
accuracy F-tests and the explained variance rates (R2) and the initial reaction velocity values (p1× p2).

Enzyme
Activity
(U·kg−1)

Parameters Estimate Std.
Error

95% Confidence
Interval

F (2; df2) R2
p1 × p2

(g·kg−1·h−1)Lower
Bound

Upper
Bound

923
p1 −162.07 * 3.11 155.30 168.84 28,504.6 *

df2 = 12 >0.99 * −22.69p2 0.14 * 0.01 0.13 0.15

2307
p1 −172.91 * 2.92 166.56 179.27 5352.4 *

df2 = 12 0.99 * −70.03p2 0.41 * 0.03 0.35 0.46

4615
p1 −180.19 * 3.35 172.60 187.76 4539.8 *

df2 = 9 0.99 * −134.24p2 0.75 * 0.06 0.62 0.87

6923
p1 −177.63 * 1.64 174.07 181.20 6763.6 *

df2 = 12 0.99 * −220.44p2 1.24 * 0.08 1.08 1.41

8307
p1 −179.05 * 1.72 175.53 182.56 8630.4 *

df2 = 29 0.99 * −237.95p2 1.33 * 0.07 1.20 1.46

* significant at p < 0.001.

Within the investigated range of enzyme load, linear models were found to fit the
observed data well in the case of all saccharide fractions (Table 3). All the linear models
and their parameters were proved to be significant (p < 0.001).

The slopes of the linear models listed in Table 3 can be employed for calibration
purposes, i.e., to quantify unknown enzyme load, if reaction velocity data are available
from progress curves.

3.2. Cyclic-EMR Performance

GOS was produced from lactose in a reactor system consisting of a stirred-tank re-actor
and an external ultrafiltration module in five consecutive cycles. Each cycle comprised a
three-step procedure. First, enzymatic synthesis of GOS was carried out in a conventional
stirred-tank reactor using free enzymes. Then, the resulting carbohydrate mixture was
separated by an ultrafiltration unit. The enzymes were recovered: fresh lactose was added
into the concentrated enzymes, and enzymes were re-used for repeated GOS production in
the subsequent cycles.

The observed progress curves of the individual saccharide fractions for the five con-
secutive cycles are presented in Figure 4. Each reaction step was performed at pH 6.0 and
50 ◦C for approx. 24 h. The initial lactose concentration and the initial enzyme activity was
set to 300 g·kg−1 and 8307 U·kg−1, respectively. During the reaction, lactose was converted
into GOS, glucose, and small amounts of galactose. The saturation models listed in Sect.
2.6 were used to model the experimental data. Model parameters p1 and p2 were estimated,
and initial reaction rates (p1 × p2) were determined for the individual saccharides fractions.

After each reaction step, the reaction mixture was challenged by an ultrafiltration
procedure. The reaction liquid was concentrated by a volume concentration factor of
8.6. The objective of the filtration was to collect the GOS products in the permeate while
recovering the enzymes in the concentrate for repeated reaction steps. For this purpose, a
membrane with a molecular weight cut-off of 30 kDa was employed. It is assumed that
the low-molecular weight carbohydrates (<1 kDa) can freely pass through the membrane
and are collected in the permeate. It has been previously reported that multiple types
of β-galactosidases are present in the commercial enzyme preparation originating from
Bacillus circulans [31,32]. Molecular weights of the enzyme forms responsible for transgalac-
tosylation range between ca. 90 kDa and 240 kDa [31,32]. Thus, permeation losses of the
enzyme through the membrane can be considered to be negligible.

Applying a high-volume concentration factor is required for removing compounds
from the reaction mixture that may inhibit the transgalactosylation reaction in the subse-



Processes 2023, 11, 225 10 of 17

quent cycles. Due to the efficient removal by UF, the concentration of glucose and galactose
were kept below ca. 7 g·L−1 and ca. 2 g·L−1 at the beginning of each of the reaction
steps. At such concentration levels, the inhibitory effect of the residues is reported to be
negligible [19,33,34].
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Table 3. The slopes of the no-intercept linear regression functions fitted to the reaction velocity (Y)
depending on enzyme activity for different saccharides fractions.

Saccharides Compounds No-Intercept
Linear Regression Slopes R2

DP2 0.03 * 0.997 *
DP3 0.025 * 0.991 *
DP4 0.004 * 0.995 *
DP3-6 0.024 * 0.997 *
Glucose 0.007 * 0.999 *

* significant at p < 0.001.
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During UF, as filtration progressed and enzyme concentration increased in the reaction
mixture, a gradual decrease in the permeate flux was observed. After completing the
concentration process, the membrane module was de-attached from the reactor system
and cleaned, as detailed in Section 2.5. Alkaline cleaning was proved to be efficient in
regenerating the original water permeability of the membrane. A mean permeance of
81 ± 6 L·h−1·m−2·bar−1 was measured for the reaction mixture within the UF steps,
and a water permeance of 207 ± 16 L·h−1·m−2·bar−1 was observed within the repeated
cleaning cycles.

3.3. Quantification of Enzyme Losses

As depicted in Figure 4, both the rate of GOS synthesis and that of lactose conversion
deteriorates gradually from cycle one to cycle five. The observed decline is considered to
be the consequence of enzyme activity losses. To quantify these losses, we first determined
the initial reaction rates of the individual compounds by fitting the saturation models to the
progress curves shown in Figure 4. Then, the linear models obtained from STR trials with
known enzyme concentrations (Table 3) were used to calculate respective enzyme activity
values. These models serve as calibration curves to determine the unknown (remaining)
enzyme activity values for the consecutive cycles.

Table 4 shows the (remaining) enzyme activity values for the five consecutive cycles
for DP2, DP3, DP3-6, and glucose. The fractions present in low concentrations, such as
galactose and individual fractions of oligosaccharides with higher degree of polymerization,
have limited predictive power and, thus, they were not used in the estimation procedure.
Results suggest that obtained activity values are irrespective of which saccharide fraction
was used in the estimation procedure. In other words, all listed compounds return with
close approximations of the remaining activity.

Table 4. Enzyme activity values [U·kg−1] for the five consecutive cycles as determined by analyzing
the reaction rates of different saccharides fractions.

Cycles

Fractions No.1 No.2 No.3 No.4 No.5

DP2 7077 2124 846 388 329
DP3 7925 2480 890 379 306
DP3-6 6999 2081 785 355 295
Glucose 7903 2588 992 448 400
Mean 7476 2318 878 392 333
STDEV 507 254 87 40 47

Table 4 indicates that enzyme activity decreases with each cycle. In Figure 5, the
relative enzyme activity is plotted against the operational time for the five cycles.

Global fittings of the various inactivation models, e.g., Equations (2)–(6), were per-
formed to all available data points by introducing non-negativity constraints on the model
parameters. Results of the parameter estimation are shown in Table 5. In general, good
overall fittings were achieved for all implemented models; however, the first-order deacti-
vation model, e.g., Equation (6), tends to underestimate activity at the last phases of the
investigation period, i.e., for lower activity values. There was no remarkable difference
found in the goodness of fit between the single-stage model with non-zero final stage, e.g.,
Equation (5), and the more complex two-stage models, e.g., Equations (2) and (3), with
three and four fitting parameters.
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Table 5. Estimated parameters of the inactivation models, e.g., Equations (2)–(6).

Model k1 k2 α1 α2 R2 SSR

Equation (2) 9.692 × 10−1 4.839 × 10−2 8.125 × 10−1 2.977 × 10−2 0.9974 7.338 × 10−3

Equation (3) 5.947 × 10−2 9.980 × 10−3 7.493 × 10−2 0 0.9987 3.535 × 10−3

Equation (5) 5.537 × 10−2 0 3.651 × 10−2 0 0.9986 3.674 × 10−3

Equation (6) 4.891 × 10−2 0 0 0 0.9957 1.194 × 10−2
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The obtained half-life of 15.3 h is in good agreement with the results reported by
Warmerdam et al. [25] for similar operational settings. In their previous study, the half-life
of Biolacta N5 at 300 g·L−1 initial lactose concentration was determined to be 29 h, 29 h,
and 16 h for temperatures of 20, 40, and 60 ◦C, respectively.

It should also be highlighted that modeling the observed enzyme activity data with,
e.g., Equations (2)–(6), suffers from some limitations. The applied models assume steady
operation conditions, resulting in a continuous, gradual decline in the activity of the enzyme
in question. In our study, however, a sequence of repeated reaction and filtration steps
were carried out. In the filtration step, enzymes were recirculated through the membrane
module and concentrated in the retentate. During crossflow filtration, retained enzymes are
known to accumulate at the membrane surface, building up a concentration polarization
layer that may enhance membrane fouling and may lead to partial inactivation of the
biocatalysts [26,35–37]. The methods used for this study do not allow us to quantify the
extent of the activity decline caused by the filtration procedure and its relation to the
stability in STR during the reaction steps. However, it is worth noting that the estimated
half-life is consistent with the estimate of Warmerdam et al. [25] obtained for STR under
similar reaction conditions. Although this fact may suggest that the filtration steps do not
affect enzyme stability to a higher extent, further research is required to investigate the
separate effects of reaction and filtration procedures on enzyme stability.

4. Conclusions

In this study, a series of batch trials were conducted in STR at various enzyme loads of
a commercially available beta-galactosidase preparation of Bacillus circulans origin. The
yield of DP3-DP6 fractions was measured as 35.9 ± 1.8 w/w% on total carbohydrate basis,
and hydrolysis activity was found to be negligible (typically below 1–3 w/w%.) under
the investigated reaction conditions. The relationships between the observed reaction
velocities and applied enzyme dosages were explored by analyzing the time course of the
concentration of individual saccharides fractions. Within the investigated regime of applied
enzyme load, linear relations were found between the initial reaction rates and enzyme
activity. The obtained quantitative models can be used for estimating unknown enzyme
load when progress curves are available.

Conventional GOS manufacturing utilizes free enzymes in STR in batch fashion.
Although high GOS yields can be attained by this approach, high operational costs occur,
mainly due to the high purchase price of the biocatalysts. Enzyme reusability can be
enhanced by EMRs using free enzymes. They allow a continuous production of enzyme-
free product streams; however, they offer lower yields as compared to STRs.

In this study, the performance of a simple and scalable setup was investigated that
may overcome the limitations of the STR and EMR approaches. GOS was produced
by free enzymes in a reactor system consisting of a stirred-tank reactor and an external
ultrafiltration module. The conversion was performed in a batchwise manner in five
consecutive cycles. Each cycle comprised of a three-step procedure. First, lactose was
converted into GOS in an STR using soluble enzymes. Then, the obtained saccharides
mixture was separated from the biocatalysts by UF. The enzymes were recovered and used
for repeated GOS production in the next cycle.

A high-volume concentration factor of 8.6 was successfully applied in order to remove
residual saccharides from the reaction mixture which may act as inhibitors in the subsequent
reaction steps. Additionally, the ultrafilter was efficiently regenerated by alkaline cleaning
in between the consecutive UF concentration steps.

Both the rate of GOS production and that of lactose conversion declined gradually
from cycle one to cycle five. The initial velocity rates of the individual saccharides fractions
were determined from the progress curves and based on that, enzyme activity losses were
estimated for the consecutive cycles. The half-life of the enzyme in the UF-assisted enzyme
reactor was estimated as ca. 15 h under the given operational conditions. The obtained
value can be seen as an STR-equivalent measure of the stability. Distinguishing between
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the impacts of the different processing steps on stability, i.e., the reaction step and the
determination of the activity losses caused by the UF procedure separately, was out of the
scope of our study. Notably, the half-life estimated in our study for a UF-assisted STR is
consistent with the half-life reported for STR under similar reaction conditions by previous
investigators [29].

The obtained experimental data on progress curves and activity declines might be
useful for design considerations of such multi-step processes and may serve as a basis for
further studies optimizing process parameters, such as the duration of reaction steps and
scheduling enzyme dosage.
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List of Symbols

F→ enzyme activity at initial state (U·kg−1). E0 → enzyme activity at initial state (U·kg−1).
E1 → enzyme activity at intermediate state (U·kg−1). E2 → enzyme activity at final state (U·kg−1).
k1 → deactivation velocity coefficient (U·h−1). α1 → the ratio of the specific activity of E1/E0.
α2 → the ratio of the specific activity of E2/E0. y → relative enzyme activity(−). k1 → enzyme
deactivation constant (h−1). t → operational time (h). C0 → initial concentration of saccharides
(g·kg−1). p1 × p2 → initial reaction rate (g·kg−1·h−1).

Abbreviations

DP → degree of polymerization. EMR → enzymatic membrane reactor. GOS →
galacto-oligosachrides. STR→ stirred tank reactor. UF→ ultrafiltration. GRAS→ Gener-
ally Recognized As Safe.
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