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Abstract: The production of prebiotics like galacto-oligosaccharides (GOS) on industrial scale is
becoming more important due to increased demand. GOS are synthesized in batch reactors from
bovine lactose using the cost intensive enzyme β-galactosidase (β-gal). Thus, the development
of sustainable and more efficient production strategies, like enzyme immobilization in membrane
reactors are a promising option. Activated methacrylatic monoliths were characterized as support
for covalent immobilized β-gal to produce GOS. The macroporous monoliths act as immobilized
pore-through-flow membrane reactors (PTFR) and reduce the influence of mass-transfer limitations
by a dominating convective pore flow. Monolithic designs in the form of disks (0.34 mL) and for
scale-up cylindric columns (1, 8 and 80 mL) in three different reactor operation configurations
(semi-continuous, continuous and continuous with recirculation) were studied experimentally and
compared to the free enzyme system. Kinetic data, immobilization efficiency, space-time-yield and
long-term stability were determined for the immobilized enzyme. Furthermore, simulation studies
were conducted to identify optimal operation conditions for further scale-up. Thus, the GOS yield
could be increased by up to 60% in the immobilized PTFRs in semi-continuous operation compared
to the free enzyme system. The enzyme activity and long-time stability was studied for more than
nine months of intensive use.

Keywords: pore-through-flow membrane reactor; enzyme immobilization; β-galactosidase; galacto-
oligosaccharides; simulation studies; operation modes

1. Introduction

Functional foods with positive effects on health are becoming increasingly impor-
tant [1]. One of the most common food additives used for functional food are prebiotics,
which are substrates that are selectively utilized by host microorganism conferring a health
benefit [2]. They serve as “feed” for the intestinal bacteria and thus influence the growth
and activity of a healthy intestinal microbiota [3]. A greater interest exists in utilization of
galacto-oligosaccharides (GOS) as health-promoting food supplement for infant as well
as for clinical but also for animal nutrition [4]. Oligosaccharides can be found in nature,
e.g., as part of human breast milk in high concentrations. In contrast, bovine milk contains
oligosaccharides as minor components only [5,6]. Thus, a promising approach for GOS
formation is provided by the enzymatic synthesis from bovine lactose using β-galactosidase
(β-gal). Furthermore, as lactose is a side product of the dairy industry on a large scale, the
enzymatic conversion to the prebiotic GOS offers a sustainable and value-added utilization
of the resource.

The enzyme β-galactosidase (EC 3.2.1.23) performs two main reaction steps as shown
in Figure 1. The first reaction step is the hydrolysis of lactose forming an enzyme-galactose-
complex. Subsequently, a transgalactosylation reaction takes place when sugar acts as
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galactosyl acceptor. The output is GOS whose structure differs by the regiochemistry of the
glycosidic linkages and varying chain lengths, expressed by the degree of polymerization
(DP). Typically, GOS consist of 1 to 5 galactose monomers with optional one glucose
monomer at the end [7].

Otherwise, when water is the reaction partner of the enzyme-galactose-complex the
hydrolysis reaction will be completed under galactose cleavage. The hydrolysis and trans-
galactosylation reaction proceed simultaneously and are limited by chemical equilibrium,
resulting in a product mixture containing GOS, unreacted lactose, galactose and glucose [8].
Among them, the ratio of transgalactosylation and hydrolysis activity is strongly influenced
by the choice of enzyme origin, referring to reviews by Torres et al. [8] and Fischer et al. [9].
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uous batch processes are very high and limiting the industrial application. Thus, the im-
mobilization of enzymes enables an improved sustainability of the process due to higher 
stability and recyclability of the enzyme and is widely used in bio-catalyzed processes. 
Reported immobilization of β-gal with focus on GOS synthesis can be classified according 
to the type of support, type of process and reactor design (continuous or batch) and the 
type of immobilization method, such as cross-linking, entrapped and covalent binding of 
the enzyme to the carrier. Wherein the enzyme immobilization via covalent binding gen-
erates strong and stable linkages and prevents leakage from the matrix [11]. 

As carrier for β-gal immobilization for GOS synthesis numerous materials are de-
scribed in the literature and are reviewed by Ureta et al. [12]. Some materials with a focus 
on immobilization of β-gal from B. circulans are nanofibers [13,14]which are the most re-
cently used application studies. A more widespread application to synthesize GOS in 
batch processes is the immobilization of β-gal on beads, such as Sepabeads® [15], Eu-
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processes or packed-bed reactors, both revealing a shift in the pH and temperature optima 
of the enzymes compared to a free enzyme system. Warmerdam et al. [17] immobilized 
β-gal from B. circulans on Eupergit® beads in a packed bed reactor. The immobilized en-
zyme showed a slightly higher hydrolysis activity and a lower GOS productivity than the 
free enzyme, which is probably the result of diffusion limitations in the microporous 
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Figure 1. Equilibrium-limited reaction mechanism of enzymatic GOS synthesis with β-galactosidase [10].

However, the costs of a single use of β-gal for GOS synthesis in large-scale discon-
tinuous batch processes are very high and limiting the industrial application. Thus, the
immobilization of enzymes enables an improved sustainability of the process due to higher
stability and recyclability of the enzyme and is widely used in bio-catalyzed processes.
Reported immobilization of β-gal with focus on GOS synthesis can be classified according
to the type of support, type of process and reactor design (continuous or batch) and the
type of immobilization method, such as cross-linking, entrapped and covalent binding
of the enzyme to the carrier. Wherein the enzyme immobilization via covalent binding
generates strong and stable linkages and prevents leakage from the matrix [11].

As carrier for β-gal immobilization for GOS synthesis numerous materials are de-
scribed in the literature and are reviewed by Ureta et al. [12]. Some materials with a focus on
immobilization of β-gal from B. circulans are nanofibers [13,14] which are the most recently
used application studies. A more widespread application to synthesize GOS in batch pro-
cesses is the immobilization of β-gal on beads, such as Sepabeads® [15], Eupergit® [16,17],
Purolite® [18] and others. Chitosan beads were used as support material for immobilization
of β-gal from B. circulans [19] as well as from K. lactis [20] in batch processes or packed-bed
reactors, both revealing a shift in the pH and temperature optima of the enzymes compared
to a free enzyme system. Warmerdam et al. [17] immobilized β-gal from B. circulans on
Eupergit® beads in a packed bed reactor. The immobilized enzyme showed a slightly
higher hydrolysis activity and a lower GOS productivity than the free enzyme, which is
probably the result of diffusion limitations in the microporous structure of the support.
The utilization of microporous agarose beads with different modifications as immobiliza-
tion support for β-gal from B. circulans did not lead to higher enzyme productivity or
GOS yield [21].

While the influence of enzyme immobilization on reaction kinetics is inconsistently de-
scribed in the literature, the studies reveal a significant impact of the carrier matrix and/or
pore size for the enzyme activity with respect to GOS formation and a decisive role for
mass transport limitations through diffusion in the micro pore structure itself. To overcome
the diffusion limitation, which is associated with supports based on microporous particles,
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carriers such as monoliths have been employed. One type of promising monoliths are
convective interaction medias (CIM®) based on methacrylate polymer [22,23]. Methacrylate-
based macroporous monoliths have suitable hydrodynamic properties, characterized by
high mass flow and a high chemical and mechanical stability [23,24]. Furthermore, the
monolithic supports allow a dominating convective transport of the target molecules into
the pore structure to interact with the immobilized enzyme [25,26]. To realize a covalent
linkage between enzymes and the methacrylate monolith the surface is activated with
various functional groups, which directly influence the enzyme activity [25], the selectiv-
ity [27–29] and the steric hindrance based on immobilized enzyme mobility [30] (due to
different lengths of the activation groups).

CIM®, as an immobilization carrier, is mainly used as pore-through-flow membrane
reactors (PTFR) and their main reported application area is proteomic analysis by immobi-
lization of trypsin [30–33].

In the current state, the application of methacrylate based macroporous monoliths
as immobilization carrier for GOS synthesis continuously operated PTFR is not reported
by other research groups. Therefore, the characterization of the carrier in respect to the
influence of the chemical activation to the enzyme properties, enzyme activity and trans-
galactosylation rate in the PTFR is crucial. In our previous work [34] β-gal from B. circulans
immobilized on aldehyde, ethylendiamin and carbonyldiimidazole (CDI) activated mono-
lithic PTFRs in the form of small scale disks have been studied and compared. The
experiments demonstrated that a shift towards the transgalactosylation rate takes place
compared to the free enzyme system in a batch reactor is possible. The best results regard-
ing the maximum GOS yield and enzyme stability over 80 days were achieved with the
CDI activated monolithic disk. Based on these results, enzyme immobilization with CDI
was selected for the present study also taking into account the less complex chemistry as it
requires fewer steps and chemicals [35].

In the present study, a scale-up of the immobilization of β-gal from B. circulans on 1 mL,
8 mL and 80 mL-PTFRs (cylindric small columns) with a CDI activation was performed
using an initial lactose concentration of 100 g L−1 (ILC). The results will be compared with
the free enzyme system. The properties of immobilized enzyme were determined by the
mass of bound enzyme, enzyme activity and kinetic parameters. The results regarding
transgalactosylation activity were characterized and compared by GOS yield, the turn-
over-number (kcat) and the space-time-yield (STY) for the free and immobilized systems.
In order to increase the GOS yield, continuous and the semi-continuous operation modes
were studied by various experiments. Working with additional recirculation opens up a
further degree of freedom for reaction and process control to reuse the enzyme in multiple
process cycles. To evaluate the potential and for further scale-up strategies first simulation
studies in a pore-through-flow membrane reactor were carried out [10].

2. Results and Discussion
2.1. Evaluation of Immobilized Enzyme PTFRs and Kinetic Modeling

β-gal from B. circulans was covalent immobilized on carbonylimidazole activated
methacrylate-based monoliths with different sizes and different flow profiles (see Section 3.3,
Figure 8). The disk-PTFR has a total volume of 0.34 mL and the cylindric PTFRs have a total
volume of 1, 8 and 80 mL. At an estimated porosity of 0.3, confirmed by determination of
retention time by HPLC, the liquid volumes are as listed in Table 1 and represent the reactor
volume in which GOS synthesis occurs.
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Table 1. Disk/Reactor volumes for the free enzyme system (batch reactor) and the monolithic
immobilized PTFRs as well as the mass and density of enzyme in the reactor systems.

Enzyme Reactor Vtot [mL] Vliqu
1 [mL] menz

2 [mg]
menz per Vtot

[mg mL−1]

batch reactor 40 40 9.02 ± 1.35 0.23
disk-PTFR 0.34 0.1 3.4 ± 0.24 10
1 mL-PTFR 1 0.3 8.4 ± 0.28 8.4
8 mL-PTFR 8 2.4 70.6 ± 0.10 8.8
80 mL-PTFR 80 24 439 ± 2.20 5.5

1 liquid volume is calculated with a porosity of 0.3 for the PTFRs; 2 determined with Biuret based reaction
(±mean value deviations from duplicate determinations).

As expected, increasing the reactor volume leads to an increase in the mass of bound
enzymes. The density in mg bound enzyme per mL monolith ranges from 5.5 for the
80 mL-PTFR to 10 for the disk (Table 1). The results indicate that similar specific amounts of
enzyme were immobilized on the PTFRs whereby the 80 mL-PTFR represents an exception
with its low enzyme density. The comparison of the immobilized PTFRs to the batch system
with free enzyme is nevertheless evident, since significantly more enzyme mass per reactor
volume is present in the PTFRs.

To study the kinetics of immobilized β-gal regarding the lactose conversion, the PTFRs
in semi-continuous configuration were compared with the free enzyme in discontinuous
batch reactors in (Table 2). KM and Vmax were estimated using Michaelis-Menten kinetics
and Lineweaver-Burk linearization (Section 3.5.3). The comparison of KM and kcat be-
tween the immobilized and free β-gal is important, since it provides information on how
immobilization influenced enzyme kinetics [25].

Table 2. Kinetic parameters, activities, enzyme-substrate-ratio (E/S), turn-over-number (kcat) and
space-time-yield STY of free and on PTFR immobilized enzyme, determined with semi-continuous
configuration (Figure 2b).

Enzyme Reactor KM
1 [mmol L−1] Vmax

2 [mmol (L min)−1)] Activity 3 [U] E/S 4 [U mg−1] kcat
5 [s−1] STY 6 [g (L h)−1]

batch reactor 422 ± 14.5 13 ± 0.8 520 ± 31.0 120 ± 7.8 220 ± 14.3 17 ± 0
disk-PTFR 679 ± 10.0 173 ± 7.8 17 ± 1.4 1730 ± 25.0 19 ± 1.0 263 ± 50
1 mL-PTFR 602 ± 1.1 263 ± 11.9 79 ± 8.0 2630 ± 15.3 39 ± 2.5 260 ± 8
8 mL-PTFR 690 ± 8.0 217 ± 12.0 521 ± 11.4 2170 ± 9.0 30 ± 3.8 315 ± 26
80 mL-PTFR 614 ± 3.8 165 ± 8.2 3960 ± 15.9 1650 ± 25.0 23 ± 3.7 204 ± 18

1 and 2 are calculated for the lactose conversion; 3 one unit (U) is the conversion of one µmol lactose per min;
4 E/S = enzyme substrate ratio; 5 kcat calculated from Vmax and the approximate amount of β-gal (248 kDa); 6 STY
in g GOS per hour and liter (liquid reactor volume), (±mean value deviations from duplicate determinations).

KM values for immobilized β-gal on all four monoliths are similar: 602 mmol L−1

(disk) to 679 mmol L−1 (1 mL-PTFR). KM for the free enzyme amounts 422 mmol L−1. The
affinity of the enzyme for its substrate lactose is therefore only slightly lower compared
to the free enzyme system. In contrast, kcat for the immobilized enzyme was significantly
lower on all four scale-ups (19 to 39 s−1) than for the free enzyme with 238 s−1. For
enzymes immobilized on methacrylate monoliths over covalent bonding, a slight increase
in KM and a decrease in kcat commonly occurs [23,25,36]. The increase in KM contributes
to diffusion limitation but that is brought to a minimum using monolithic supports for
immobilization [23,25]. On the other hand, kcat is about 10 times lower for the immobilized
enzyme than for the free one, which can be explained by a lower conversion rate of enzyme-
substrate-complex into product [19]. Accordingly, it results in a reduced specific activity of
the immobilized enzyme compared to the free enzyme. The specific activity is also lower
for the immobilized β-gal than for the free enzyme with 58 U per mg free enzyme. It is
5 U mgenz

−1 for the disk-PTFR, 9 U mgenz
−1 for the 1 mL- and 80 mL-PTFR and 7 U per

mg immobilized β-gal for the 8 mL-PTFR. This has already been described in the literature
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and is described as a result of conformational and steric effects which occur during the
covalent binding of the enzyme to the carrier surface [23,37,38].

Nevertheless, Table 2 also provides that the enzyme/substrate ratio (E/S) is much
higher for immobilized enzyme in the reaction volume of the monoliths, such as in the
discontinuous batch system. Thus, the STY and Vmax, i.e., lactose hydrolysis, are higher
than for the free enzyme. STY varies between 204 g (L h)−1 for the 80 mL-PTFR and
315 g GOS (L h)−1 for the 8 mL-PTFR. Similar values of STY were described by Rodriguez-
Colinas et al. [39], who immobilized β-gal from B. circulans on agarose beads in packed bed
reactors with continuous configuration (ILC = 100 g L−1).

In comparison of the values for the enzyme loading, as well as the kinetic parameters
and activities, the scale-up of the immobilization can be considered successful, since the
parameter values are similar, e.g., loading density or enzyme affinity (KM). A difference in
immobilization can be seen in the values by the disk. Although the loading density is the
highest with 10 mg mL−1 support, the activity and the kcat of the bound enzymes is the
lowest. On the 80 mL monolith, the smallest amount of enzyme was bound per mL carrier.
The activity, STY and kcat are also the lowest here. The 1 mL- and 8 mL-PTFR provided the
highest values.

2.2. Configuration Systems for GOS Synthesis in PTFR

Four reactor configurations with increasing complexity, as illustrated in Figure 2, were
evaluated by experimental and model-based studies. The reference system is the discontin-
uous batch reactor with free enzyme (Figure 2a), whereas (b–d) are the reactor systems for
immobilized enzymes striving for achieving intensified continuous process conditions.
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2.2.1. Continuous and Semi-Continuous Configuration

The synthesis of GOS with immobilized enzymes on monoliths was first investigated
the continuous and semi-continuous operation for all PTFR sizes (Figure 2b,c). In the
continuous process, with the feed only being passed through the monolith once, the
enzyme catalyzed reactions are severely limited by the residence time, as the volume
flow cannot be reduced infinitely. In the semi-continuous configuration, the substrate is
circulated for a certain time, i.e., not converted lactose and GOS of different lengths come
into contact with the enzyme several times. Thus, GOS with the desired higher DP and in
higher yield can be synthesized.

For continuous configuration (Figure 2c) the experimental data for the scale-up from
disk size up to 80 mL-PTFR is shown in Figure 3, wherein (a) represents the GOS yield as a
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function of the flow rate and (b) as function of the residence time. The substrate lactose
only passes through the monolith once. The GOS yield and the lactose conversion are
therefore directly dependent on the residence time. The lower the flow, the higher the
yield or conversion in the mass transfer limiting area [23,40]. The maximum achievable
flows are 5 mL min−1 for the disk, 16 mL min−1 for the 1 mL-PTFR, 100 mL min−1 for
the 8 mL-PTFR and for the 80 mL-PTFR 400 mL min−1 [35]. Limitations with regard to
the enzyme catalyzed reaction in the PTFR are excessive low flow rates, which can lead to
backmixing due to diffusion (see disk-PTFR: 0.05 mL min−1 in Figure 3a), and excessive
high flow rates, which reduce the residence time too much.
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It is also demonstrated that an increase in the size of the monolith and the associated
increase in the absolute amount of bound enzyme results in an increased product yield
and conversion rate at the same flow rate. As shown in Figure 3a, a tenfold increase in
the flow rate reduces the GOS yield by factor 3.5 for the 1 mL-PTFR and the 8 mL-PTFR
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and by factor 2.7 for the 80 mL-PTFR. Despite minor differences in enzyme activity, the
results show that the PTFRs can be easily scaled-up with regard to the transgalactosylation
reaction in the continuous system. The exception here is once again the simple disk, which
was limited in its application with regard to the volume flows, as back-mixing phenomena
and an increase in pressure (above a maximum pressure of 18 bar) could be observed
(Figure 3a). Although the methacrylate-based CIM® monoliths work without pressure
loss, enhanced substrate concentrations (100 to 220 g L−1 lactose) can lead to an increase
in pressure [27]. Furthermore, the different flow rates also play a role here. The disk has
an axial flow rate, whereas the cylindric monoliths have a linear flow rate [35], as shown
in Figure 8.

The studied semi-continuous configuration (Figure 2b) allows the substrate and al-
ready formed product to pass through the PTFR in several cycles. As described by [23,30],
the flow rate in continuous systems has a marginal influence on the catalytic activity of
the enzyme in GOS synthesis. Moreover, monolithic columns are not affected by diffusion
limitations, hence residence time calculations become redundant when scaling up [35].
As shown in Figure 3b, the maximum average GOS yield of 37% (w/v) for an ILC of
100 g L−1 was achieved at similar retention times (9 to 12 min) for all PTFRs. Nonetheless,
the highest productivity with regard to the GOS synthesis can be observed for the 1 mL
and 8 mL monoliths (Figure 3b), which is also reflected in the highest STY and E/S ratio
(Table 2). A slightly reduced GOS yield (36%) is achieved with the immobilized enzyme in
the 80 mL-PTFR, which was to be expected due to the lowest loading density, lowest E/S
ratio (Table 2) and the more complex structure of the monolithic support for homogeneous
flow distribution.

In Figure 4 the GOS yield of all four immobilized PTFRs with semi-continuous con-
figuration is compared to the discontinuous batch system with free enzyme. The flow
rates were 0.5 mL min−1 for the disk- and 1 mL-PTFR, 10 mL min−1 for the 8 mL-PTFR
and 20 mL min−1 for the 80 mL-PTFR. The GOS yield in the immobilized PTFRs reached
about 37% and could thus be increased significantly compared to a yield of 23% GOS with
the free enzyme system. The comparison of GOS yield vs. lactose conversion obtained
with free or immobilized enzyme offered that the reaction has been shifted towards the
transgalactosylation due to the increased E/S ratio in the reactor volume and the lack of
diffusion limitation in the monolithic immobilized PTFRs (Figure 4b). The higher affinity
of the immobilized enzyme towards the desired GOS synthesis than to hydrolysis is com-
parable with results obtained in [18,34]. The GOS degradation starts at a lactose conversion
of 40% with the free enzyme and at a conversion rate of about 57% for the immobilized
PTFRs (Figure 4b), which leads to the synthesis of GOS with a higher, favorable degree
of polymerization. Similar observations were described for the immobilization of β-gal
from A. oryzae on gelatin nanofibers [13], which achieved a GOS yield that was 10% higher
than obtained with the free enzyme (ILC = 400 g L−1). Another study with differently
modified agarose showed that immobilization has a more critical impact on the lactose
hydrolysis than on the transgalactosylation reaction [36]. However, the immobilization of
β-gal with focus on the enzyme origin B. circulans revealed contradictory results, depending
on carrier material and process configuration. Immobilization on Eupergit® C250 L beads
in continuous packed bed reactors was described with a six times higher GOS productivity
than with free enzyme (ILC = 380 g L−1) [17]. Urrutia et al. [21] received similar GOS yield
and profiles for immobilized β-gal from B.circulans on agarose beads in repeated batch
processes and the free enzyme. In this study, an ILC of 100 g L−1 leads to an 60% increase
in GOS yield for immobilized monolithic PTFRs compared to free enzyme in discontinuous
batch configuration.
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2.2.2. Continuous Configuration with Recirculation

The recirculation mode as third configuration for GOS synthesis in the immobilized
PTFR was realized with the combination of semi-continuous and continuous configuration
(Figure 2d). The addition of a recirculation step in the PTFR introduces a new degree of
freedom for reaction and process control by allowing the enzyme to be reused in multiple
process cycles. By adjusting the recirculation ratio to zero, it approaches more and more the
continuous mode. In practical implementation, part of the volume flow after the monolith
is returned to the inlet of the PTFR to convert the remaining lactose or to extend GOS chains.
The recirculation volume ratio is controlled by pump 2, which obtains a significantly higher
flow rate than provided by pump 1 (p1) for the feed flow. Thus, the flow rate through the
PTFR results from the sum of flow rates of both pumps.

Initial tests were carried out with 100 g L−1 lactose in the 1 mL-PTFR, whereby the ratio
of p1 to p2 and the flow through the monolith were varied to determine ideal classifications
with regard to the preferred transgalactosylation reaction (Table 3).

Table 3. Flow settings for the recirculation system (Figure 2d) for GOS synthesis with immobilized
β-gal on the 1 mL-PTFR (p = pump).

Recirculation
Ratio

Flow Rate [mL min−1] Max. GOS
Yield [%]p1 (Feed) p2 (Recirculation) Through PTFR

1:10 0.09 0.91 1.00 20.27
1:10 0.06 0.60 0.66 25.55
1:5 0.17 0.83 1.00 15.01
1:5 0.10 0.50 0.60 21.00
1:2 0.33 0.67 1.00 10.44
1:2 0.10 0.20 0.30 22.23

The highest GOS yield with 25.55% was obtained with a high recirculation rate with
a p1:p2 ratio of 1:10 while maintaining a small flow rate through the monolith with
0.66 mL min−1 (Table 3). The experiments with the lowest flow rate (0.3 mL min−1) through
the 1 mL-PTFR and the lowest recirculation ratio at the same time, however, deliver the sec-
ond highest GOS yield with 22.23%. This indicates that the residence time of the substrate in
the monolith obtains greater impact in the continuous configuration with recirculation than
the recirculation rate. Furthermore, with increasing recirculation the feed concentration is
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reduced by back mixing of the reactants with products. Thus, the reaction rate decreases as
well as conversion. Nevertheless, the product can be removed continuously.

The experimental observations with respect to flow ratio with the 1 mL-PTFR were
then transferred to the scale of 8 mL- and 80 mL-PTFRs. The recirculation ratios of 1:19
(p1 = 10.5 mL min−1, p2 = 9.5 mL min−1), 1:10 (p1 = 0.9 mL min−1, p2 = 9.0 mL min−1) and
1:5 (p1 = 1.7 mL min−1, p2 = 8.3 mL min−1) were studied experimentally with regard to the
maximum GOS yield. The flow through the 8 mL- and 80 mL-PTFRs was 10 mL min−1 in
each case, i.e., the retention time per flow ratio is the same for each monolith. Again, the
highest GOS yield was determined with the highest ratio between feed flow and recircu-
lation flow, which is 26% for both PTFRs (Figure 5). With a five-fold higher recirculation
flow compared to the feed flow, the 8 mL-PTFR achieved a GOS yield of 17% and 22% with
the 80 mL-PTFR (Figure 5a). However, the consideration of productivity of the continuous
configuration with recirculation is important for scaling-up and evaluating the overall
process. Thereupon it becomes apparent that the production of GOS in g per hour increases,
although the maximum GOS yield is lower (Figure 5a). This is due to the fact that the feed
flow (same as the product flow) with a setting of 1:19 is too slow to gain a correspondingly
high amount of GOS.
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Figure 5. (a) GOS yield with immobilized β-gal on 8 mL- and 80 mL-PTFR with the recirculation
system (Figure 2d), the rates describe the relationship between the feed flow rate (p1) and the
recirculation flow rate (p2), the resulting flow rate through PTFRs was 10 mL min−1; (b) comparison
of four different configuration for GOS synthesis with free enzyme in a discontinuous batch-reactor
and with immobilized enzyme in 1 mL-, 8 mL- and 80 mL-PTFRs with semi-continuous, continuous
and recirculation configuration (ILC = 100 g L−1).

The comparison of all four configurations with regard to maximum GOS yield revealed
a significant increase (Figure 5b). In the discontinuous batch reactor, the highest GOS yield
with 23% was achieved after 80 min. Furthermore, with the immobilized PTFRs in semi-
continuous configuration (flow: 1 mL min−1 for the 1 mL-PTFR, 10 mL min−1 for 8- and
80 mL-PTFR) a yield up to 37% was achieved, although the residence time is only about
10 min. This certainly corresponds to the number of cycles, which was 38 for the 1 mL-
monolith, 28 for the 8 mL- and 10 cycles for the 80 mL-PTFR. The enhanced yield can
therefore only be achieved with an increased E/S ratio or STY in the smaller reactor space
with its higher enzyme density in the immobilized PTFRs compared to the free enzyme in
batch reactors. The larger the PTFR, the more units of enzyme (absolute) (Tables 1 and 2) are
available for the GOS synthesis, and the fewer cycles are required to reach the maximum.
The flow rates for continuous process management of the PTFRs to achieve maximum
yields were 1 mL min−1 for the 1 mL-PTFR and 10 mL min−1 for the 8- and 80 mL-PTFR
(Figure 5b). Here, the 80 mL-PTFR delivers by far the highest yield due to the larger
available area with a higher total amount of immobilized enzyme. For the recirculation
configuration (Figure 5b) the ratio between feed and recirculation flow was 1:10, with a
flow through the monolith of 1 mL min−1 for the 1 mL-monolith and 10 mL min−1 for the
8- and 80 mL-PTFR. GOS synthesis with the recirculation configuration, i.e., a coupling of
the semi-continuous and continuous processes was able to achieve a significant increase for
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the 1 mL- and 8 mL-PTFR compared to the continuous system. In contrast, the 80 mL-PTFR
with recirculation is an exception as no increase in GOS yield could be achieved with this
scale. Two possible explanations seem reasonable for this observation. Firstly, the feed
concentration of lactose is reduced by back-mixing with products (GOS, glucose, galactose),
decreasing the reaction rate and conversion, respectively. Another reason could be the
beginning degradation of GOS, which might encourage due to the PTFR-length or the
higher number of enzymes.

2.3. Long-Term Stability of Immobilized Enzyme

Most important requirement for continuous operation by means of immobilized
enzymes is the enzyme’s long-term stability and activity, respectively. The decrease in the
stability of the enzyme activity of the immobilized enzymes on the 8 mL- and 80 mL-PTFR
was investigated in the semi-continuous mode regarding the lactose conversion in µmol
per min (U) and is shown in Figure 6 as the relative activity in %.
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Figure 6. (a) relative enzyme activity of immobilized β-gal in 8 mL-PTFR (flow = 10 mL min−1)
and 80 mL-PTFR (flow = 20 mL min−1) with semi-continuous configuration and (b) GOS yield of
the continuous configuration with recirculation for the 8 mL-PTFR over 72 h (p1 = 0.5 mL min−1,
p2 = 9.5 mL min−1).

The initial lactose conversion of each experiment was studied at flow rates of
10 mL min−1 for the 8 mL-PTFR and 20 mL min−1 for the 80 mL-PTFR (Figure 6a). The
8 mL-PTFR revealed a residual activity of 46% after 261 days (9 months) of intensive use
including storage at 7 ◦C (in 0.1 M Ka-Na-phosphate buffer with 0.02% sodium azide). The
enzyme on the 80 mL-PTFR still had a relative activity of 63% after 71 days. In Figure 6a,
it can be seen that the course of the decrease in enzyme activity is very similar in both
immobilized PTFRs. Thus, the use of CIM® monolithic PTFRs as immobilization support
proves to be very suitable in terms of maintaining enzyme activity. High stability of the
CIM® materials has also been reported in the literature, with an immobilized endodex-
tranase remaining more than 78% active [37] and an immobilized ribonuclease remaining
77% active on epoxy monoliths after 28 days of storage. [25]. The immobilization of β-gal
from B. circulans on Eupergit® beads was considered for longer periods and led to an
enzyme half-time at a lactose concentration of 380 g L−1 of 90 days [17], which is in the
same range as we observed for the 8 mL-PTFR. Whereas the enzyme stability on agarose
beads was reported only for the actual time of use, remaining almost 100% stability over
4.7 h (14 cycles a 20 min) was obtained [39]. The decrease in GOS yield within a 3-day
test in continuous configuration with recirculation (Figure 2d) is shown in Figure 6b. The
permanent use of the enzyme leads to a decrease in the GOS yield of only 6% after 72 h.

2.4. Model-Based Studies

To evaluate the potential of the pore-through-flow membrane reactor, first simulation
studies were carried out for a broad range of operating conditions. Estimated kinetic param-
eters from Table 2 (KM, Vmax) were implemented for modelling concentration profiles. The
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reactor models for the reactor configurations studied are introduced in Section 3.5.4/Table 4.
Selected simulation studies are shown in Figure 7 using the example of semi-continuous
operation of the disk-PTFR.

Table 4. Experimental and model-based characterization of the monolithic reactor.

Configuration Mass Balance IC/BC 1

discontinuous batch dci
dt =

M
∑

j=1
νij·rj

(1) ci = (t = 0) = c0
i

semi-continuous vessel: dci
dt =

(
c0

i − ci
) .

V
V

(2) ci = (t = 0) = c0
i

coupled with the monolith: dci
dz = ε

τ
A
.

V

M
∑

j=1
νij·rj

(3) ci = (z = 0) = c0
i

continuous vessel: dci
dt = 0 (4)

as tank for monolith: dci
dz = ε

τ
A
.

V

M
∑

j=1
νij·rj

(5) .
n0

i,tot =
.
n0

i +
.
n0

i,rec

1 IC = initial conditions, BC = boundary conditions.
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system: concentration profiles of the discontinuous batch-reactor with free enzyme; (b) evaluation
of tortuosity: GOS yield obtained with immobilized enzyme; (c) simulated and experimental data
for immobilized enzyme; (d) 3D-plot of simulated data for the immobilized enzyme; (b–d) semi-
continuous configuration with immobilized β-gal on disk-PTFR, flow = 0.1 mL min−1.

Figure 7a shows the concentration profiles of the reference batch system with free
enzyme and Figure 7c of the immobilized enzyme on PTFR, based on estimated kinetic data
derived for the classical Michaelis-Menten approach. It becomes clear that corresponding
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experimental data can be described by the reactor model applied. However, it also shows
that the kinetic approach has limited applicability for a complex reaction network, such
as GOS synthesis, and is certainly open for extension. The far more significant focus of
the studies is on reactor/monolith modelling of the different modes of operation with
the immobilized enzyme (Table 4). In this context, tortuosity of the monolithic structure
plays a crucial role, as it is an important parameter influencing the transport processes in
porous media. It describes the “geometry” of the transport pathways, where a tortuosity
of 1 corresponds to a linear flow through the pores. The tortuosity for disk-PTFR was
estimated with a value of 2, which offered the highest goodness of fit for the model-based
description of GOS yield in Figure 7. Based on the models applied, influencing parameters
can be analyzed for GOS synthesis as well as suitable experiments selected. Therefore, in
Figure 7d lactose and GOS concentration as well as lactose conversion in a broad range of
operating conditions (experimental running time, residence time/flow rate) are illustrated.
The simulation results can subsequently be used to optimize process parameters and reactor
configurations and are of importance for the evaluation of further scale-up strategies.

3. Materials and Methods
3.1. Chemicals and Enzymes

For GOS synthesis, determination of enzyme activity as well as for carbohydrate
analysis the following chemicals were utilized from Carl Roth (Karlsruhe, Germany):
lactose monohydrate, potassium di-hydrogen phosphate (KH2PO4), di-sodium hydro-
gen phosphate dihydrate (Na2HPO4·2H2O), sodium di-hydrogen phosphate dihydrate
(NaH2PO4·2H2O), ethanoldiamine, sodium azide, sodium chloride (NaCl), solution for
calorimetric protein determination (Roti®Quant Universal), albumin fraction V. A commer-
cial β-gal from B. circulans was used. GOS, certified DOMO® Vivinal® syrup, with 44.25%
galacto-oligosaccharides as standard for HPLC analysis was kindly provided by Friesland
Campina (Amersfoort, The Netherlands).

3.2. Analysis of Carbohydrates

Carbohydrate contents before and during the reaction process were analyzed with
HPLC (Chromaster® HPLC system, VWR, Darmstadt, Germany). The column Vertex Plus
Eurokat Na, 10 µm, 300 × 8 mm ID with a 30 × 8 mm ID precolumn (Knauer GmbH,
Berlin, Germany) was used with a flow rate of 0.25 mL min−1, ultrapure water with 0.02%
sodium azide (w/v) as eluent and a sample injection volume of 10 µL. The column was
kept at a temperature of 85 ◦C and detection was carried out at 40 ◦C with a refractive
index detector. The synthesized GOS yield was calculated in relation to initial lactose
concentration (ILC) [10].

3.3. Monolithic Pore-Through Flow Reactor and Enzyme Immobilization

CIM® carboxyimidazole (CDI) activated monoliths from BIA Separations with a pore
size of 1.3 µm were used as supports for β-gal immobilization and applied as pore-through-
flow reactors (PTFR). Monoliths in the shape of a disk with a total volume of 0.34 mL were
inserted in special housings. Experiments on upscaling were carried out with the 1 mL-,
8 mL- and 80 mL monolithic PTFRs in a cylindrical shape (Figure 8). The immobilization
procedure was performed according to the application protocol of BIA Separations [35].
A 0.5 M Na-phosphate buffer, pH 8 was used as immobilization buffer. After cycling the
ligand solution (9 mg mL−1 β-gal in immobilization buffer) for three hours, the monoliths
were sealed and stored for 64 h at 7 ◦C. Thereafter, deactivation of residual CDI groups was
performed with 1.8 M ethanolamine in immobilization buffer with a final pH of 9.
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volume of 1, 8 and 80 mL (from left to right); (b) schematic representation of the design and the flow
regime in the PTFRs (Lp = pore length, z = running coordinate).

All steps were carried out at a flow rate of 0.5 mL min−1 for the disk-PTFR, 1 mL min−1

for the 1 mL- and 8 mL-PTFR and 10 mL min−1 for the 80 mL-PTFR, realized with a HPLC
pump at room temperature. The working buffer, used for equilibration of the loaded
monoliths and for GOS synthesis was 0.1 M Na-K-phosphate, pH 7.5. The loaded monoliths
were stored in working buffer with 0.02% sodium azide (w/v) at 7 ◦C.

3.4. Protein Analysis

The protein content of the β-gal powder and the amount of the immobilized enzyme
(before and after immobilization) were determined by a Biuret based reaction [41] using
Roti®Quant Universal and albumin standard, following the quantitation protocol pro-
vided by the reagent manufacturer. The absorbance was measured at 506 nm using a
UV-Vis spectrophotometer.

3.5. Experimental and Model-Based Reactor Configurations for the Production of GOS
by β-Galactosidase
3.5.1. GOS Synthesis with Free Enzyme

9.2 mg protein was added to 40 mL of a 100 g L−1 (w/v) lactose solution in 0.1 M
Na-K-phosphate buffer, pH 7.5 at 35 ◦C in a beaker with stirrer (Figure 2a). The reaction
was carried out for a total of 24 h. Samples for HPLC analysis were taken at several time
intervals. The inactivation of the enzymes was obtained through heating the samples at
90 ◦C for at least five minutes [42].

3.5.2. GOS Synthesis in Enzyme Immobilized PTFRs

The enzyme loaded PTFRs were previously equilibrated with working buffer at 35 ◦C.
Subsequently, for the semi-continuous configuration (Figure 2b), a 100 g L−1 lactose solution
in 0.1 M Na-K-phosphate buffer, pH 7.5 is initially flushed through the monolith and
capillaries to discard the pure buffer solution from the system before closing the reactor
system according to Figure 2b. For each monolithic scale, an appropriate total liquid
volume of substrate solution was set in the system and kept constant during the studies
at varying operating conditions. In all, 100 µL samples for HPLC analysis were taken at
certain time intervals.

For the synthesis with the continuous configuration (Figure 2c) the immobilization
system including the PTFR was completely purged with feed solution before taking samples
with volumes of 1.5 mL at flow rates of 0.1/0.5/1.0/1.5 mL min−1. All tests for the
continuous system were carried out in duplicate. The configuration with recirculation
(Figure 2d) was studied using the monolithic scales of 1 mL, 8 mL and 80 mL-PTFRs. Pump
2 partially recirculates the output of the PTFR into the front of the PFTR at defined flow
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rate ratios between both pumps. The total flow rate through the PTFR results from the sum
of feed and recirculation flow rates. The storage of the monolithic material between the
attempts was carried out in 0.1 M Na-K-phosphate buffer with 0.02% sodium azide, pH 7.5.

3.5.3. Determination of Kinetic Parameters and Enzyme Activity

The calculation of the kinetic parameters as well as activities is based on the retention
time, defined as the average residence time t between enzyme and substrate.

For the batch modus, the residence time is equal to experimental runtime. In case of
the immobilized enzyme, it is calculated according to Equation (6), wherein Vtot is the total
volume of the PTFR, AM is the membrane surface, Lp the pore length (Figure 8), τ is the

tortuosity, w the velocity,
.

V the flow rate through the PTFR and ε is the estimated porosity
of 0.3. Porosity was investigated using retention time analysis by pulse experiments with
lactose injections onto the monoliths integrated into an HPLC system.

t =
Vtot·ε

.
V

=
AM·LP·ε

.
V

=
Lp

w
· ε
τ

(6)

The calculation refers to one cycle, defined as the time required to circulate the whole
volume of substrate solution through the monolith once in the semi-continuous system, or
for a single pass through the monolithic module in the case of the continuous configuration.

Kinetic parameters were experimentally derived with the semi-continuous system
and initial lactose concentrations of 50/100/150/200/220 g L−1. In reference to the liquid
volumes of the PTFRs (Table 1), maximum velocity (Vmax) in mM lactose per min resi-
dence time and dissociation constants (KM) in mM were determined by application of the
Michaelis-Menten approach (Equation (2)) and Lineweaver-Burk linearization.

− dclac

dt
=

vmax·clac
KM + clac

(7)

Specific activity in units (U) per min residence time, was determined immediately after
immobilization was accomplished with the semi-continuous configuration setup, shown
in Figure 2b, and measurements were continued up to 250 days for the consideration of
long-term stability. Therein, one unit is defined as the amount of enzyme that catalyzes the
conversion of one µmol of lactose per min in the liquid reactor volume and were calculated
from the Vmax.

The turnover number (kcat), defined as the number of substrate molecules converted
per single enzyme active site, per residence time and liquid reactor volume is calculated
from Vmax and the amount of substance of β-gal (248 kDa, from enzyme database BRENDA).
The space-time-yield (STY) was determined as the maximum GOS yield per liquid reactor
volume and with respect to the total experimental time. All calculations are based on
the data obtained within a few days after finishing the immobilization and with the
semi-continuous configuration at a flow rate of 0.5 mL min−1 for disk- and 1 mL-PTFR,
10 mL min−1 for the 8 mL-PTFR and 20 mL min−1 for the 80 mL-PTFR.

3.5.4. Modeling of PTFR Configurations

All reactor configurations introduced in Figure 2 were modelled to perform simulation
studies in a broad range of operation parameters in order to identify optimal operation
conditions and for scale up. The discontinuous stirred batch reactor is assumed to be
ideally mixed and the PTFR as plug flow reactor convective dominated [43–47]. Isothermal
operation is assumed. For the mass balances and initial (IC)/boundary conditions (BC),
the conditions in Table 4 apply.

4. Conclusions

Studies on β-gal from B. circulans immobilized on CDI activated monolithic PTFRs for
GOS synthesis were conducted and compared to a free enzyme system. In addition, the
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research also focused on the scale-up of the carrier-bound enzyme system with monolith
sizes ranging from 0.34 mL up to 80 mL, which are used in their operational management as
pore-through-flow reactors. The scale-up of the PTFRs revealed a high degree of correspon-
dence between the carrier sizes with regard to the kinetic parameters, the enzyme loading
and/or activity and the maximum GOS yield. In this context, a successful 3-stage scale-up
of the enzyme immobilized carrier up to 80 mL of total carrier size was shown. Three
different reactor operation configurations were examined and evaluated: semi-continuous,
continuous and continuous with ratio-controlled recirculation. The results regarding the
influence of various parameters (flow, residence times, flow ratios) on the GOS yield were
shown to be directly transferable to larger sizes of the monolithic support. In addition,
for all PTFR systems a significant increase in GOS yield of up to 60% compared to the
single-used free enzyme in batch system could be obtained.

The long-time stability of the immobilized enzyme on the monolithic PTFRs could be
proven, which is an essential requirement for the development of a continuous production
process with immobilized enzyme systems. After 9 months of intensive use, a residual
activity of 46% was observed. Furthermore, the reactor configurations were modelled,
and simulation studies were performed. The applied reactor models could be validated
based on experimental data from batch and disk-PTFR allowing a good description of the
GOS formation process and providing a tool for further scale-up strategies. As perspective,
studies with more complex kinetic modelling approaches in combination with adjusted
reactor configuration strategies for monolith sizes≥ 80 mL for industrial production would
be conceivable.
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