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Abstract The synthesis of galacto-oligosaccharides (GOS) by 3-galactosidase immobilized
in both polyvinyl alcohol (PVA) lenses and sol-gel carriers was studied and compared with
the performance of the free enzyme. PVA-immobilized 3-galactosidase retained 95 % of the
initial activity after seven repeated uses and retained 51 % of the initial activity after
3 months of storage, while sol-gel-immobilized (3-galactosidase only retained 39 % of the
initial activity under storage. Lactose conversion takes place at a higher rate in the PVA-
immobilized (3-galactosidase, while the lowest rate of lactose conversion was noticed with
immobilized (3-galactosidase in sol-gel. Continuous production of GOS from either lactose
or whey, with PVA-immobilized 3-galactosidase, was performed in a packed-bed reactor. A
maximum GOS production of 30 % of total sugars was attained for a 40-% lactose feed
solution with a feed rate of 10.8 ml/h, at pH 4.5 and 40 °C, corresponding to a productivity
of 117 g/lh. The maximum GOS productivity of 344 g/lh was obtained at a flow rate of
28.7 ml/h. 3-OS and 4-OS were the major types of GOS formed. Conversion of whey in
continuous mode resulted in GOS production of 15 % of total sugars and formation of 45 %
3-08, 40 % 4-0S, and 15 % 5-0OS.
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Introduction

Galacto-oligosaccharides (GOS) have been established as prebiotic ingredients after in vitro
and in vivo dedicated studies. GOS, nondigestible oligosaccharides, are not hydrolyzed or
absorbed in the upper intestinal tract, but for a minor part (less than 10 %); they instead pass
into the colon where they are fermented selectively by beneficial intestinal bacteria. GOS
have a generally recognized as safe (GRAS) status in the USA and a non-novel food status in
the EU and are regarded as foods for specific health use in Japan [1]. Besides the prebiotic
effects, GOS have low cariogenicity, low caloric values, and low sweetness [2]. GOS were
shown to be very stable under exposure to high temperatures and to low pH environments.
Therefore, GOS can be used in a variety of products including fermented milk products,
breads, jams, confectionery, and beverages [3, 4]. GOS occur naturally in breast and cow
milk, in honey, and in a variety of fruits and vegetables, but only in trace amounts [2]. As a
result, the development of chemical or enzymatic production of GOS is necessary.
Synthesis of GOS can be performed either by highly regio- and stereo-specific glycosyl
transferases (EC 2.4) or by glycoside hydrolases (EC 3.2.1). The former are not readily
available, and they require sugar nucleotides as substrates, making their application in
industrial production of GOS cost-prohibitive [1, 5]. Glycoside hydrolases, although less
stereo-specific then glycosyl transferases, are more readily available and are therefore
preferred for the industrial production of GOS [1, 5]. Several microbial glycoside hydrolases
have been proposed for the synthesis of GOS from lactose [6]. In this context, the amount
and structure of GOS produced are dependent on the source of the enzyme, which also
conditions the range of pH and temperature for the synthesis reaction [5, 7]. Among the
glycoside hydrolases used for GOS synthesis, B-galactosidases are clearly prominent [5, 6].
These enzymes catalyze not only the hydrolysis of lactose to D-galactose and D-glucose but
also the transgalactosylation reaction to produce GOS [8]. In the latter reaction, the enzyme
transfers the galactose unit resulting from hydrolysis to the D-galactose moiety of the
remaining lactose molecules instead of to the hydroxyl group of water, leading to the
production of oligosaccharides with a higher degree of polymerization [5, 6]. The conver-
sion of lactose into GOS by [3-galactosidases is thus a kinetically controlled reaction, where
competition between hydrolysis and transgalactosylation occurs. During conversion, the
hydrolysis of lactose, which is favored thermodynamically, competes with the transferase
activity that generates a complex mixture of various galactose-based di- and oligosacchar-
ides of different structures [S]. Thus, the composition of the product mixture in the reaction
medium typically varies notably with the time course of reaction [6]. Therefore, a thorough
knowledge of the time course of the reaction (or of lactose conversion) is critical to
determine the point of maximum yield of the desired product [1]. In the cheese industry,
whey lactose is a waste, which causes several economical and environmental problems.
Approximately 47 % of the whey produced annually worldwide is disposed off [9].
Therefore, conversion of lactose into a highly valuable product such as GOS is of high
interest to the food industry. In the last 20 years, the immobilization of B-galactosidase (EC
3.2.1.23) on different surfaces has gained a lot of attention in the food industry [10]. Many
different techniques have been reported for the immobilization of B-galactosidase, including
cross-linking [11], covalent binding [12, 13], entrapment [14], and adsorption [15]. How-
ever, most of these methods were developed for application in processes for lactose
hydrolysis instead of GOS formation. Also, many different supports have been used related
with these immobilization methods. The main drawbacks of these methods are the use of
toxic reactants, expensive supports, and the difficulty to scale up for industrial proposes due
to high-pressure drop. Indeed during the immobilization process, factors like the nature of
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the enzyme carrier, the chemical reactants, and the foreseen role of the resulting biocatalyst
have to be considered so that easy recovery of the immobilized enzyme and low cost, non-
hazardous operation can be achieved and thus have potential for industrial-scale application.

One promising method for the immobilization of enzymes is sol—gel technique, whereby
enzymes are confined within a chemically inert sol-gel support that is prepared by the
hydrolysis and polycondensation of organometallic precursors [16]. The silica matrixes are
chemically inert, hydrophilic, and inexpensive to synthesize. They also exhibit higher
mechanical strength, enhanced thermal stability, and negligible swelling in organic solvents
compared to most organic polymers. On the other hand, a recently developed immobilization
method uses polyvinyl alcohol (PVA) hydrogel, which has several advantages compared to
other matrices such as low toxicity, mechanical and good long-term stability, low biode-
gradability, and no side effects for enzyme reactions [17].

This study focuses on the development of a process for GOS production by immobilized
[3-galactosidase in sol-gel matrix as well as in lens-shaped PVA hydrogel capsules. The f3-
galactosidase from Aspergillus oryzae was chosen as a model enzyme for this study. The
selected PVA-immobilized (3-galactosidase was further used for continuous GOS synthesis
using either lactose or whey as substrates in a continuous packed-bed reactor.

Materials and Methods
Materials

Commercial 3-galactosidase (EC 3.2.1.23) from 4. oryzae (12 U/mg solid, 125,000 U), lactose,
tetramethoxysilane (TMOS), and sodium dioctyl sulfosuccinate (AOT) were obtained from
Sigma-Aldrich (St. Louis, MO, USA). Lentikats® were obtained from Genialab (Braunsch-
weig, Germany). All other reagents were of analytical grade from different sources.

Enzyme Immobilization in Sol-gel

The technique for enzyme immobilization was based on the work of Bernardino et al. [18].
Briefly, a solution containing 100 pL TMOS and 40 pL HCI (10 mM) was sonicated in a
Transsonic T 460 sonicating water bath for 10 min until the hydrolysis reaction was completed.
A total of 160 uL of enzyme solution (10 mg/ml in pH 4.5 acetate buffer 100 mM) was
suspended in the sol solution. To obtain micro-particles, 300 puL of the sol-gel solution with
enzyme was immediately added to 6 ml of 150 mM AOT/isooctane solution before gelation.
The resulting mixture was vortexed for 1 min, washed twice with acetate buffer, and aged at
room temperature under controlled water activity (a,,=0.75) during 1 week. The micro-
particles obtained were suspended in 1 ml of the acetate buffer and stored at 4 °C until use.

Enzyme Immobilization in PVA

Immobilization in PVA was performed according to the protocol provided by GeniaLab
(http://www.genialab.de/download/tt-english.pdf) by adding 0.2 ml of the diluted enzyme
solution (10 mg/ml) to 1 ml LentiKat® liquid. The resulting solution was extruded to Petri
dishes. After dehydration, under 30 °C, to 30 % (w/w) of the original weight, to allow for
gelation, the lenses were incubated in 100 ml of a 15-g/I solution of LentiKat® stabilizer for
2 h at room temperature. The lenses were then washed and stored in 100 mM acetate buffer
pH 4.5 at 4 °C until use.
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Enzyme Activity

For B-galactosidase activity assay, the immobilized enzyme was added to lactose solution
and samples were collected with time. The product released in the assay, glucose, was
determined spectrophotometrically using an enzymatic colorimetric assay kit from NZY-
Tech (Lisboa, Portugal). One B-galactosidase unit (U) was defined as the amount of
immobilized enzyme catalyzing the release of 1 umol of glucose per minute per milligram
of protein at pH 4.5 and 40 °C. Immobilization efficiency was defined as:

IE — Initial amount of protein — amount of protein after immobilization

— - x 100
Initial amount of protein

Batch runs with free enzyme were performed using a B-galactosidase concentration of
0.067 mg/lcaction medium, Batch runs with immobilized enzyme were performed using bio-
catalyst concentrations corresponding to 0.15 mg g gataciosidase/Ircaction medium and
0.18 mg g_galactosidase/Ireaction medium, for PVA and sol-gel carriers, respectively. Continuous
operation was performed using a biocatalyst load corresponding to 55.7 mg g_galactosidase-

Storage Stability

Immobilized B-galactosidase was stored at 4 °C in 100 mM acetate buffer pH 4.5 for
9 months. The aliquots of each preparation were taken in triplicates at 30-day gaps and
were then analyzed for the remaining activity. The activity determined on the first day was
taken as control (100 %) for the calculation of the remaining percent activity.

Reusability of the Immobilized B-Galactosidase

Immobilized 3-galactosidase was incubated with lactose solution in acetate buffer (10 %w/v)
at pH 4.5 in triplicates for assaying the activity of enzyme. After each reaction cycle, the
pellet containing the immobilized enzyme was recovered by centrifugation at 10,000 x g at
4 °C for 5 min and reused for another reaction cycle under the same conditions.

Batch Conversions

Production of GOS from lactose was studied with free and immobilized enzyme in sol-gel
and PVA carriers. The reaction kinetics was studied at different lactose concentrations (10—
60 %w/v). The lactose solution was prepared by dissolving lactose in 100 mM acetate buffer
at pH 4.5. Samples were taken at appropriate time intervals and analyzed for sugar content
by high-performance liquid chromatography (HPLC).

Continuous Conversions

A packed-bed reactor with a total volume of 10 ml was used. The enzyme reactor was
operated at 40 °C and using lactose solution (initial lactose concentration 40 %w/v) or whey
dissolved in acetate buffer (pH 4.5). The feed solution was continuously fed into the reactor
at given flow rates until equilibrium of the reaction was achieved. Samples were taken at
appropriate time intervals and analyzed for sugar content by HPLC. Skimmed whey was prepared
according to Roy and Gupta [19]. The milk was skimmed by centrifuging the cold milk at 8,000 x
g for 20 min. The fat layer was removed and whey was prepared from the skimmed milk by
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acidifying with HCI until the pH reached 4.8. Casein was removed by centrifugation. Prepared
whey was stored at 4 °C for further use. The reactor productivity was calculated from the final
GOS concentration (g/1) times the feed rate and divided by the reactor volume.

Analytical Methods

Protein concentration was determined by the Bradford assay using bovine serum albumin as
standard [20]. The amount of immobilized protein was calculated by the difference between
the amount of protein offered to the support for immobilization and that found in the
supernatant and the washing buffer. Carbohydrate content was determined by HPLC.
Twenty microliters of sample was filtered through 0.45-pum filters and injected into Agilent
1200 HPLC (USA) fitted with a Zorbax carbohydrate analysis column (4.6x 150 mm, 5 um
particle size) and a Zorbax NH, guard column (4.6x12.5 mm) (Agilent 1200, USA).
Detection of sugars was performed using a refractive index detector (Agilent 1200, USA).
The mobile phase was 75/25 (v/v) acetonitrile/water and the flow rate was kept constant at
1.5 ml/min. The column temperature was kept at 30 °C. Appropriate dilutions of a solution
containing each of the carbohydrates were used as the calibration standards.

Results and Discussion
Immobilization Efficiency

In this study, [3-galactosidase from A. oryzae was immobilized into lens-shaped PVA hydrogel
capsules without pre-treatment and into sol-gel particles. These carriers were tested in order to
obtain a suitable preparation for effective oligosaccharide synthesis. The immobilization
efficiency of either immobilized formulation is given in Table 1. As can be seen from the
results, the PVA enzyme system shows higher immobilization efficiency (88.5 %) for the
immobilized (3-galactosidase when compared to the sol-gel enzyme system (73.8 %). On the
other hand, the activity of the [3-galactosidase was higher in sol-gel formulation. This may be a
consequence of the different amounts of immobilized enzyme being used per gram of carrier. It
should be noted that the leakage of the enzyme from the sol-gel was higher (up to approxi-
mately fivefold higher) than that observed in the PVA carrier.

Activity Dependence of Free and Immobilized [3-Galactosidase on Temperature and pH

The dependence of catalytic activity of the immobilized enzyme preparations on pH was
compared with that of the free enzyme. The effect of pH was examined in the pH range of
3.5 to 6.5 at 40 °C and the results are presented in Fig. 1. The optimum pH of the enzyme
was 4.5. The pH profile of the immobilized 3-galactosidase suggests an improved stability

Table 1 Properties of enzyme immobilization in PVA and sol-gel carriers

Protein Immobilized protein Immobilization efficiency Activity

(l’l’lg/ 1’1’11) (l’l’lg prolcin/ g carricr) (%) (U/ g carrier)
PVA 10 4.64 88.5 125
Sol-gel 10 5.32 73.8 200

U/g carrier = (enzymatically produced glucose (mg/ml)) (reaction mixture volume (ml))/weight of carrier (g)
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Fig. 1 Influence of pH on the activity of free and immobilized (3-galactosidase in PVA and sol-gel.
Bioconversion runs were carried out at 40 °C

at the extreme pH values tested, particularly at the higher values and for sol-gel immobi-
lization, in comparison to that in the free form. Such pattern has been reported previously
and tentatively related to diffusion limitations or to secondary interactions between the
enzyme and the support. In the particular case of sol—gel, the protective microenvironment
may partly result from a decrease in the pH of the inner matrix as compared to the bulk outer
phase that becomes increasingly more noticeable as the pH shifts towards less acidic values
[21, 22]. The temperature activity profiles of the free and immobilized [3-galactosidase are
displayed in Fig. 2. The temperature optimum for free and immobilized enzyme in PVA was
50 °C. No further runs at higher temperatures were performed with PVA Lentikats since 55 ©
C was shown to provide a boundary for operation with these capsules—for at this temper-
ature the capsules tend to melt [23]. Moreover, leakage of 3-galactosidase at 50 °C was also
reported [10]. The immobilization of the enzyme in sol-gel particles changed the temper-
ature optimum to 60 °C. In addition, the sol-gel-immobilized (3-galactosidase retained
higher fractions of the catalytic activity at higher temperatures (63 % of the maximum
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Fig. 2 Influence of temperature on the activity of free and immobilized 3-galactosidase in PVA and sol-gel.
Bioconversion runs were carried out at pH 4.5
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enzyme activity was observed at 70 °C). Similar findings were reported when [3-galactosidase
from A. oryzae was immobilized in concanavalin A-cellulose [24]; increased activity retention at
higher temperatures for 3-galactosidase immobilized into polysiloxane—polyvinyl alcohol mag-
netic composite (mMPOS—PVA) was also reported [25]. This behavior can be due to limitations in
the thermal movement of the enzyme molecule as an outcome of immobilization [22, 26]. On the
other hand, sol-gel-immobilized enzyme displayed lower activity at lower temperatures as
compared to free and PVA-immobilized (3-galactosidase. The poorer performance of the sol-
gel biocatalyst could be the result of diffusion limitations and again to restrictions to the thermal
movement of the enzyme, which are aggravated at lower temperatures.

Reusability of the Immobilized Enzyme

One of the limitations associated with the industrial application of enzymes is the high cost
and instability under operational conditions. The overall process becomes cost-effective if
the preparation shows high efficiency and reusability. The reusability of the immobilized (3-
galactosidase is shown in Fig. 3. PVA- and sol-gel-entrapped enzyme displayed retention of
95 and 61 % of the initial activity, respectively, after their seventh repeated use. Such results
suggest that the PVA-immobilized biocatalyst is a better candidate for application in a
realistic process. These results are comparable or best data reported in the literature, at the
same temperature. An immobilized {3-galactosidase on mPOS—PVA preparation was suc-
cessively reutilized for 10 cycles, retaining approximately 84 % of its initial activity [27].
Pan et al. were able to reuse [3-galactosidase covalently coupled onto magnetic Fe;04—
chitosan nanoparticles for 15 consecutive cycles, of 2 h each, using a 60-% lactose solution
as substrate. At the final cycle, the biocatalyst retained about 90 % of the initial value [28].
On the other hand, Feng et al. reported a significant decrease in the yield in GOS throughout
four consecutive batch cycles when assessing the feasibility of using (3-galactosidase
immobilized in calcium-alginate gel beads for the production of GOS from lactose [29].

Storage Stability of the Enzyme Preparations

The immobilized {3-galactosidase in PVA and sol-gel carriers were stored for 90 days and
the remaining enzyme activity was measured. The immobilized enzyme in PVA carriers
exhibits higher storage stability than the immobilized (3-galactosidase in sol-gel. After
1 month of storage, the remaining activity of the (3-galactosidase immobilized in PVA was
83 %, while that of the 3-galactosidase immobilized in sol-gel was only 68 %. Furthermore,

120

100

60

Residual activity (%)

40

2
0 —{+—PVA —®—Sol-gel

0 1 2 3 4 5 6 7 8
Number of cycles

Fig. 3 Reusability of immobilized (3-galactosidase in PVA and in sol-gel carriers
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after 3 months of storage, the activity loss of the (3-galactosidase immobilized in PVA was
49 %, while the activity loss of the (3-galactosidase immobilized in sol-gel was 61 %. Alongside
with the natural time-dependent loss of enzyme activity, the activity decay of the immobilized
biocatalysts may be ascribed to enzyme leakage from the carrier throughout the 3 months of
storage period, a drawback that has been shown to occur when immobilized biomaterials are
addressed [30, 31] . This drawback is more marked in the case of the sol-gel carrier, according to
the results obtained under incubation in the presence of buffer, where enzyme leakage in this type
of carrier was approximately fivefold higher than in the PVA carrier.

Process Development for GOS Production
Effect of Lactose Concentration on GOS Formation

GOS production after 1 h of incubation in the presence of free and immobilized (3-
galactosidase at different initial lactose concentrations (10-60 %w/v) is shown in Fig. 4. It
was found that the production of GOS increased with increasing lactose concentrations from
10 to 40 %, at which point GOS production reached a maximum. In particular, the highest
GOS concentration (marginally over 30 %) was obtained with (3-galactosidase immobilized
in PVA lenses. Further increase in lactose concentration resulted in the reduction of GOS
production. This behavior can be related to spontaneous lactose precipitation for the con-
centrations of 50 and 60 %, where the solution was unstable, therefore reducing the
concentration of lactose in solution [32]. On the other hand, at low lactose concentration,
the rate of transgalactosylation is lower than that of hydrolysis since the amount of hydroxyl
groups of carbohydrates is scarce, which results in a higher amount of glucose and galactose
and lower amount of GOS in the reaction solution. Thus, to optimize transgalactosylation,
careful selection of initial lactose concentration is critical [1]. Figure 5 shows lactose
hydrolysis and production of GOS with free and immobilized (3-galactosidase in PVA and
sol-gel. Generally, a high rate of transgalactosylation was accompanied with a rapid
decrease in lactose concentration at the beginning of the reaction. As can be seen in
Fig. 5a, lactose consumption takes place at a higher rate in the PVA immobilized (3-
galactosidase, reaching 50 % conversion after 1 h of the reaction. On the other hand, the
lowest rate of lactose consumption was noticed with sol-gel immobilized (3-galactosidase,

50

B Free OPVA BSol-gel

40

30

20
) [D
, I
10 20 30 40 50 60

Initial lactose concentration (% )

GOS (% of total sugars)

Fig. 4 Effect of the initial lactose concentration on GOS production catalyzed by free and immobilized (3-
galactosidase in PVA and sol-gel carriers
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Fig. 5 Kinetics of GOS formation (a), lactose hydrolysis (b), and glucose-to-galactose ratios (c¢) of free and
immobilized enzyme in PVA and sol-gel carriers. Runs were performed at 40 °C using a 40-% lactose solution at pH 4.5

where 50 % lactose was consumed at the third hour of reaction. This suggests that
immobilized [3-galactosidase in PVA provided a more accessible form of biocatalyst which
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does not impose any mass transfer limitations on GOS formation from lactose. Similar
results were obtained with 3-galactosidase from 4. oryzae immobilized on cotton cloth [12].

GOS production for free and immobilized 3-galactosidase in PVA and sol—gel at different
levels of lactose conversion is presented in Fig. Sb. A maximum production of GOS obtained
with the free [3-galactosidase was of 22 % of total carbohydrates at 50 % conversion of lactose.
As lactose was continuously depleted from the reaction, the GOS formation rate decreased.
GOS production by immobilized (3-galactosidase in PVA lenses increased with increasing
lactose conversion, until a maximum of 30 % of total sugars was reached at 45 % conversion.
On the other hand, for the immobilized 3-galactosidase in sol-gel particles, there was a slight
shift in the overall reaction pattern, and a maximum yield of GOS (27 % of total carbohydrates)
was reached at 75 % of lactose conversion, possibly as a result of mass transfer hindrance.
Overall, however, these results are in accordance with data in the literature that relate GOS
production kinetics to lactose conversion [33, 34]. Thus, as the reaction starts, lactose is
naturally the predominant sugar that can act as a galactosyl acceptor. However, as lactose
conversion proceeds, there is an increase of monosaccharides (glucose and galactose) and,
through transgalactosylation, other disaccharides are formed. Moreover, the GOS produced
also act as galactosyl acceptors, resulting in a complex mixture [35].

The ratio of glucose to galactose in the reaction mixture has been acknowledged as a
suitable indicator of transgalactosylation activity [35, 36]. The higher this ratio, the more
galactose has been transferred to suitable acceptors. Figure Sc is illustrative of the higher
transgalactosylation activity of PVA-immobilized 3-galactosidase as compared to the
remaining formulations, as well as of the evolution of the said ratio with lactose conversion.
[3-Galactosidase immobilized in sol-gel particles produced large amounts of glucose and
galactose, indicating a strong hydrolytic activity. Typically, the glucose/galactose ratio is
larger than 1 under conditions where GOS are formed as it reflects the transfer of galactose
to suitable acceptor molecules. It changes over the course of lactose conversion reaction and
becomes 1 when the hydrolysis of lactose and oligosaccharides is complete [35].

Batch GOS Production
GOS composition as a result of the catalytic action of free and PVA- and sol-gel-immobi-

lized [3-galactosidase at maximal GOS concentration is shown in Fig. 6. The total GOS yield
was 23, 31, and 26 % for the free and PVA- and sol-gel-immobilized (3-galactosidase,

70
B Glu
60 BGal
§0 50 OLac
= 20 =GOS
2
= 03-0s
©
= 30 B84-08
8
-
£ 20 m5-08
0

Free PVA sol-gel

Fig. 6 Carbohydrate composition of batch bioreaction media at the maximum GOS level using free and
immobilized (3-galactosidase acting on 40 % lactose solutions
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respectively. These maximal values correspond to lactose conversion of 51, 44, and 67 % for
the free and PVA- and sol-gel-immobilized 3-galactosidase, respectively. Figure 6 shows
that the maximum amount of GOS was produced with immobilized (3-galactosidase in PVA
lenses, where the composition of the different types of GOS was as follows: 25 % 3-OS and
6 % 4-0S. As shown in Fig. 6, 3-OS dominate over the other types of GOS formed in the
reaction. Our results were similar to those observed for (3-galactosidase of A. oryzae [12,
27], Lactobacillus reuteri [35], and Thermus aquaticus YT-1 [37]. They all demonstrated
that 3-OS were the main GOS synthesized by [3-galactosidase. Larger GOS, 5-OS, were
produced only with immobilized (3-galactosidase in sol-gel. On the other hand, high glucose
and galactose yields were observed with sol-gel immobilized (3-galactosidase, which sug-
gests that hydrolysis reaction dominated the transgalactosylation reaction.
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Fig. 7 Continuous production of GOS by PVA immobilized (3-galactosidase in the packed-bed reactor

operated at 40 °C with 40 % lactose in the feed solution. Feed rate and productivity (a) and concentration
of sugars along time (b)
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Continuous GOS Production

The production of GOS from lactose in the continuous reactor with PVA-immobilized f3-
galactosidase at pH 4.5 and 40 °C is shown in Fig. 7. It should be noted that in most of the
published works related to the production of GOS, reaction conditions are such that temperatures
are usually below 50 °C. Higher temperatures have an increasingly noticeable negative impact on
the operational stability of the biocatalyst. In the present work, the reactor performance was very
stable, and there was no apparent decrease in the level of GOS or lactose conversion except when
feed rate was changed (Fig. 7a). With 40 % in the feed at 10.8 ml/h, 40 % of lactose conversion
was attained (Fig. 7b) and the outlet product stream presented a GOS titer corresponding to 30 %
of total sugars with an average reactor productivity of 117 g/lh. When the feed rate increased to
28.7 ml/h, lactose conversion decreased to 20 %, with small changes in the GOS content, while
the productivity increased from 127 to 344 g/lh. When the feed rate decreased to 10.8 ml/h, 30 %
lactose conversion was obtained with 28 % GOS in the final product and reactor productivity of
~120 g/lh. Residence time of 1 h was achieved with the feed rate of 10.8 ml/h. Longer residence
times increase the risk of microbial contamination in long-term continuous process at moderate
temperature. Suitable residence time prevents enzymatic hydrolysis of the product back to the
mono- and disaccharides [38]. Overall, there was no noticeable loss of enzyme activity or reactor
productivity over the entire 135-h period studied with lactose as a substrate and additionally 80 h
of lactose conversion using whey as a substrate.

Aiming for alternatives to further lower the process costs, a cheap lactose source such as whey
was tentatively assayed. The reaction was carried out throughout 80 h of operation. Lactose
hydrolysis was higher in whey as a substrate, 70 to 80 %, than in pure lactose solution, where 40 to
50 % was observed. This may be due to a different composition of salts and to the presence of
whey proteins because the salts can influence enzyme activity [27]. Furthermore, the concentra-
tion of lactose is four times lower in whey than in pure lactose solution, a feature that is detrimental
to the transgalactosylation reaction. In the case of whey, GOS production was 10-20 % of total

Table 2 GOS production by (3-galactosidase from A. oryzae in batch and continuous operations

Process Immobilization Lactose T(°C) pH Max GOS Productivity Reference
support concentration (%) (g/lh)
(Yow/v)

Continuous (MAR) 17-30 50-55 4.5-4.7 31 - [3]

Batch (FE) 38 40 45 31 243 [12]
Continuous (PBR)  Cotton 2040 40 45 21.7-26.6 80-106 [12]

Batch mPOS-PANI 50 40 4.5 26 - [34]

Batch mPOS-PVA 50 40 4.5 26 - [27]

Batch (FE) 20 40 45 10 5 [41]

Batch Chitosan 20 40 4.5 17.3 8.65 [41]
Membrane recycled 27 40 4.5 22 - [42]
Reverse micelles AOT/isooctane 45 45 7.0 51.2 - [43]
Continuous (PBR)  PVC film Whey, 620 40 4.5 14 - [44]

Batch Sol-gel 40 40 4.5 26 8.7 This study
Batch PVA 40 40 4.5 31 31 This study
Continuous (PBR) PVA 40 40 4.5 23-30 65-117 This study
Continuous (PBR) PVA Whey, 20 40 4.5 17-25 22 This study

FE free enzyme PBR packed-bed reactor, MAR membrane-assisted reactor
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sugars, while in the case of lactose the concentration of GOS was ~30 % of total sugars. Another
striking difference was the content of oligosaccharides, where 3-OS and 4-OS was almost same
(~7 % of total sugars, respectively), and 5-OS was produced only in the case of whey as substrate
in a concentration of 2.5 % of total sugars. On the other hand, when lactose was used as a
substrate, the concentration of 3-OS was 16.2 % of total sugars, while 4-OS was 10.8 % of total
sugars.

The operational stability displayed by the bioconversion system developed in the present
work is promising when compared to reports in the literature of similar setups, also operating at
40 °C. Albayrak and Yang reported a stable process for GOS synthesis for about 3 days of
continuous operation, while feeding a 40-% lactose solution to a packed-bed reactor filled with
[3-galactosidase aggregates immobilized on cotton cloth [33]. Botelho-Cunha et al. also
reported of stable operation using (3-galactosidase immobilized in Duolite A-568 in a contin-
uous flow stirred tank reactor for a 6-h period, using as substrate a 15-% lactose solution [39].
Chockchaisawasdee and co-workers reported of stable, continuous operation of an ultra-
filtration bioreactor, but only for 4 h and for lactose concentration of 2.5 % [40].

Table 2 shows the comparison of maximum GOS content achieved in various studies
reported in the literature. The productivity obtained in this study was higher than of the
reported values, which can be attributed to the good properties of the PVA as support
matrices in the packed-bed reactor.

Conclusion

[3-Galactosidase from A. oryzae was immobilized by entrapment in sol-gel capsules and PVA
lenses and, alongside with free enzyme formulation, challenged to perform the kinetically
controlled synthesis of GOS from lactose. PVA-immobilized 3-galactosidase proved to be the
best biocatalyst in terms of lactose conversion and operational stability. PVA as the support matrix
for enzyme immobilization neither imposed any significant diffusion limitation nor affected the
GOS formation characteristics of the enzyme. Moreover, FDA has approved the use of PVA in the
production of food ingredients. Maximum GOS production, corresponding to 31 % of total
sugars, was obtained out of a 40-% lactose solution with (3-galactosidase immobilized in PVA.
Within GOS, tri-saccharides (3-OS) were predominant, corresponding to 80 % of total GOS,
while tetra-saccharides (4-OS) accounted for 20 % of the total GOS produced. Having selected
PVA as carrier, a continuous process was carried out in a packed-bed reactor for GOS production,
from either pure lactose or whey as substrate. The continuous enzyme reactor had high produc-
tivity and displayed a stable long-term performance. GOS production corresponded to 30 % of
total sugars with a feed rate of 10.8 ml/h lactose solution and a GOS productivity of 117 g/lh.
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