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Introduction

Novel B-galactosidase nanobiocatalyst systems
for application in the synthesis of bioactive
galactosidesy

Katarina Banjanac,? Milica Carevi¢,*® Marija Corovi¢,? Ana Milivojevic¢,?
Nevena Prlainovi¢,? Aleksandar Marinkovi¢® and Dejan Bezbradica®

In this study, unmodified, amino modified and cyanuric chloride functionalized amino modified nonporous
fumed nano-silica particles (FNS, AFNS and CCAFNS, respectively) were used for the development
of efficient nanobiocatalysts for application in the biosynthesis of bioactive galactosides, galacto-
oligosaccharides (GOS). Hence, in an attempt to elucidate the mechanism of immobilization, based on
available enzyme conformation, the effects of immobilization parameters (initial enzyme concentration,
immobilization time and pH) were analyzed. Among all three used nano-sized supports, the one with
amino groups (AFNS) exhibited the best B-galactosidase binding capacity of 220 mg g~ support with
the efficiency of ~90% at pH 4.5 and immobilization time 3 h. The highest hydrolytic activity of
~2200 IU 9*1 was achieved, which is far higher than previously reported. Meanwhile, B-galactosidases
covalently immobilized on CCAFNS and adsorbed on FNS nanoparticles were found to have similar
trends with respect to immobilization efficiency (58-71%) and hydrolytic activity (~600 IU g™3.
Furthermore, thermal stability at 60 °C was increased by B-galactosidases immobilized on AFNS and
CCAFNS (4 and 1.4-fold, respectively) due to the protective effect of interactions formed between
enzyme molecules and the surfaces of nanoparticles. Since B-galactosidase immobilized on AFNS was
the nanobiocatalyst with the highest activity and stability, it was applied in GOS production. With AFNS—
B-galactosidase GOS production of 90 g L™ h™! was achieved as compared to 30 g L™* h™* by free B-
galactosidase, meaning that AFNS enhanced the selectivity of B-galactosidase for transgalactosylation,
which is a crucial advantage for its application in GOS production.

to prospective use of this enzyme to catalyze the kinetically
controlled reaction of transgalactosylation, where a galactose

B-Galactosidase or B-p-galactoside galactohydrolase (E.C.3.2.1.23)
is a ubiquitous enzyme that catalyzes the cleavage of terminal -
glycosidic bonds in various types of galactosides. Its primary
biological function is associated with lactose hydrolysis to its
constituents (glucose and galactose), hence major fields of B-
galactosidase applications include processing of lactose-
containing products, enabling the improvement of digestibility
and technological and sensorial characteristics of sweetened,
condensed and frozen dairy products, as well as solving the
considerable problem of whey utilization and appropriate
disposal.™* Nevertheless, great attention recently has been drawn
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moiety is transferred to an alternative acceptor, such as a sugar,
alcohol, or some aromatic glucoside, under appropriate condi-
tions (high lactose content, high temperatures, low water
activity).>* This feature has paved the way for production of
myriad of physiologically active galactosides.>® Among the
others, galacto-oligosaccharides (GOS) earned the prominent
interest owing to their exceptional features. GOS represent
a diverse group of carbohydrates built of several galactose and
usually one terminal glucose unit, with varying molecular weight,
structure, and corresponding properties, depending on enzyme
origin and employed reaction conditions."** They are regarded
as non-digestible compounds with high prebiotic potential, since
they provide selective proliferation of intestinal microbiota
beneficial bacteria while simultaneously enabling promotion of
their activity.">"* Accordingly, several positive effects on human
well-being can be ascribed to their consumption, such as
improvement of lactose digestion and mineral absorption,
reduction of serum cholesterol level, inhibition of intestinal
pathogen growth, diminishing the risk of cancer, and enhance-
ment of the host's immune system.**** Moreover, they proved to

This journal is © The Royal Society of Chemistry 2016
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be components of choice for infant milk formulas, dairy prod-
ucts, beverages, and animal feed, in view of excellent thermal and
acid stability, low sweetness and caloric value, and notable
contribution to taste quality.'>*®

Even though GOS production is well-established, and
soluble enzymes are most frequently used, the instability of the
B-galactosidase may impose as a major drawback, limiting the
potential of GOS synthesis. In terms of overcoming this issue,
enzyme immobilization has been proposed as one of the best
alternatives. Substantial research efforts have been made in
developing an adequate immobilized B-galactosidase prepara-
tion. Different immobilization methods (adsorption, covalent
binding, entrapment and cross-linking), and various support
materials, including natural*®® and synthetic polymers'®**-** or
inorganic materials,*””** have been tested for immobilization of
B-galactosidase. Recently, a great deal of interest was drawn to
immobilization of industrially important enzymes onto nano-
scale materials for improved catalytic performance.”®*” These
materials exhibited inherent advantages such as large surface to
volume ratio and increased enzyme loading per unit mass of
particles, thus exhibiting high surface reaction activity and high
catalytic efficiency.>” It is considered that enzymes bound to
nano-sized particles exhibit increased mobility in aqueous
solutions, and hence express higher enzymatic activities in
comparison to native enzymes. Besides, immobilization of
enzymes by nano-sized particles can reduce protein unfolding
which might turn out essential for their stability and conse-
quently improve their efficiency.

Diverse nano-sized materials were employed for enzyme
immobilization to date,>***® nevertheless the silica based
nanoparticles, featuring a uniform particle shape, large surface
area, exceptional chemical and thermal stability, a good capa-
bility of forming fine suspensions in aqueous solution, as well
as biocompatibility and non-toxicity, serve as the optimal choice
for food and pharmaceutical purposes.”>** Although silica
based nanoparticles demonstrated great accomplishment in
the enzyme immobilization, surface modification is usually
obligatory to achieve better performance. Over the past years,
a few surface modification strategies have been developed, but
among them, surface modification of silica nanoparticles with
organosilanes (silicon-based chemicals that contain both
organic and inorganic reactivity in the same molecule) has
proved to be the most effective, since it provides diversity in
attached functional groups onto the particle surface.**** So far,
silica based nanoparticles modified with various chemical
agents have been used in a multitude of applications that
include cell imaging and detection, controlled drug-delivery
applications, as well as for biomolecule immobilization.**?*®
Fumed nano-silica (FNS), known for its highly developed
nonporous surface area, that additionally lower mass transfer
restrictions, has proved to be very efficient immobilization
support, especially after modification with aminofunctional
organosilane to introduce an amino groups onto its surface.*
The introduction of amino groups onto the FNS surface is an
effective mechanism to improve biocompatibility between FNS
and enzymes due to the possibility of bond formation (hydrogen
bond, electrostatic interaction and week van der Waals forces)
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between amino, carboxyl, thiol and hydroxyl groups of enzyme
molecules and introduced amino groups.

In this study, FNS and its derivatives were applied in immo-
bilization of B-galactosidase from Aspergillus oryzae. Main goal
was to achieve further improvement of high transgalactosylation
activity previously obtained in its immobilization on amino-
supports,* by using nano-sized particles with same functionality.
Furthermore, in a subsequent step the amino modified support
(AFNS) was subjected to further functionalization with cyanuric
chloride (CC) resulting in modified support (CCAFNS) with reac-
tive aromatic chlorine groups on the surface of the nano-silica
particles, which can form covalent bonds with nucleophilic
groups (thiol, amino, or even hydroxy) of enzyme side chains and
showed enhanced activity and stability in lipase immobilization.*?
Therefore, in this study immobilization of B-galactosidase from A.
oryzae onto FNS, AFNS and CCAFNS particles was optimized with
respect to the most important factors and thermal stability of all
immobilized derivatives was tested. Finally, the most prospective
immobilized preparation was employed in GOS synthesis reac-
tion, in order to compare its transgalactosylation potential as
opposed to soluble B-galactosidase.

Experimental
Materials

B-Galactosidase from A. oryzae (=8 units per mg solid) used in this
study was purchased from Sigma Chemical Co (St Louis, USA).
Nano-sized fumed silica AEROSIL® 380 (FNS), (purity of 99.8%,
average particle diameter 7 nm, specific surface area 380 + 30 m>
g !, tamped density of 50 g L', as reported by the manufacturer)
was obtained from Evonik Industries (Essen, Germany).

Substances (anhydrous 3-aminopropyltrimethoxylsilane
(APTMS), (97%) and cyanuric chloride (CC), (99%)) used for
modification of FNS were purchased from Fluka Analytical
(USA). All the other substances used throughout this study,
namely 2-nitrophenyl-f-p-galactopyranoside (0-NPG), Coo-
massie Brilliant Blue G-250, bovine serum albumin (BSA) and
lactose were obtained from Sigma Chemical Co. Ultra-pure
water used as the mobile phase for HPLC analysis was
purchased from Thermo Fisher Scientific (Rockford, USA). All
other reagents used were of analytical grade, and purchased
from Centrohem (Stara Pazova, Serbia).

Modification of nano-silica

The surface of nonporous, nano-sized, fumed silica particles
(FNS) was modified with purpose of obtaining amino modified
nano-silica particles (AFNS) and cyanuric chloride functional-
ized amino modified nano-silica particles (CCAFNS). The
detailed procedure used for modification of FNS was described
in our previously published study.** Briefly, AFNS was prepared
by stirring 300 mg FNS particles with 1.18 mL of APTMS during
48 h at 25 °C under inert atmosphere. In order to obtain cya-
nuric chloride functionalized amino silica (CCAFNS), 300 mg of
AFNS particles was treated with 1.5 g of CC during 2 h at 0 °C.
All of these three supports (FNS, AFNS and CCAFNS) were
used for immobilization of the B-galactosidase from A. oryzae.

RSC Adv., 2016, 6, 97216-97225 | 97217
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B-Galactosidase immobilization procedure

According to study reported by Carevic et al.,*® for immobili-
zation of A. oryzae B-galactosidase on macro-sized supports
with amino and chloride groups, the temperature of 25 °C
and pH of 4.5 have been specified as optimal. In this study,
these parameters were used as benchmark for immobiliza-
tion B-galactosidase on nanoparticles with same functional
groups. The four different solutions of B-galactosidase were
prepared by dissolving 2, 3, 6, and 9 mg of B-galactosidase
powder in 1 mL of 0.1 M acetate buffer (pH 4.5). 0.5 mL of
each prepared pB-galactosidase solution was individually
mixed with 1 mg of support and placed on continuously
stirring within an orbital shaker at a speed of 150 rpm and at
temperature of 25 °C. After different periods of time (1, 3 and
5 h), the samples were taken out and then centrifuged at
13 000 rpm for 1 min. Afterwards, the obtained immobilized
enzymes were washed with 1 mL of immobilization buffer and
centrifuged in order to eliminate untied enzymes. The
immobilization of B-galactosidase was separately performed
on the all three supports FNS, AFNS and CCAFNS in the just
described way.

B-Galactosidase activity assay

The hydrolytic activity of the B-galactosidase was determined
using 10 mM o-nitrophenol-p-b-galactopyranoside (0-NPG) in
0.1 M acetate buffer (pH 4.5) as a substrate. The reaction
mixture contains 0.1 mL free enzyme solution or supernatant
and 0.9 mL substrate, or in the case of immobilized enzyme 1
mg of immobilized preparation with 2 mL of substrate under
vigorous magnetic stirring. The reaction was allowed to
proceed at least 3 minutes, while o-nitrophenol (0-NP) released
in reaction was measured spectrophotometrically on Ultrospec
3300 Pro Amersham Biosciences (Freiburg, Germany) spec-
trophotometer each 30 seconds at 410 nm. One unit is defined
as the amount of the enzyme that catalyzes the liberation of 1
pmol o-NP per min under the assay conditions. The expressed
activity was presented in IU g~' of immobilized enzyme and
activity immobilization yield (IYa (%)) was calculated using
equation:

IYa =

expressed activity of immobilized enzyme
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mass of bound enzyme
mass of introduced enzyme into immobilization process

x 100

IYp =

Thermal stability assay

Thermal stability of free B-galactosidase and [-galactosidase
immobilized on FNS, AFNS and CCAFNS particles (at offered
protein concentration 230 mg g~ ' support during 3 h) were tested
at 60 °C during 24 h. 1 mg of immobilized enzyme preparations
were measured in reaction microtubes, incubated with 1 mL of 0.1
M acetate buffer (pH 4.5) and placed in Thermo Scientific (Wal-
tham, USA) thermal shaker at 60 °C. In case of free enzyme, 0.1
mL free enzyme solution concentration of 6 mg mL™" was mixed
with 0.45 mL of 0.1 M acetate buffer (pH 4.5) and also placed in
thermal shaker at same temperature as immobilized enzyme.
After different periods of time, the samples were taken out, mixed
with 1 mL (for immobilized enzyme preparations) or 0.45 mL (for
free enzyme) of 20 mM o-nitrophenol-B-p-galactopyranoside (o-
NPG) in 0.1 M acetate buffer (pH 4.5) and stirred on magnetic
stirrer in order to determinate their activity. The obtained thermal
stability of free and immobilized enzyme on FNS, AFNS and
CCAFNS was presented as relative activity during incubating time.

B-Galactosidase-catalyzed galacto-oligosaccharides synthesis

The reaction of galacto-oligosaccharides (GOS) synthesis was
performed in flasks (50 mL) placed on an orbital shaker at 200
rpm at 50 °C for 8 h. The reaction mixture was composed of 400 g
L' lactose solution in 0.1 M acetate buffer and 100 mg of
immobilized enzyme. These reaction conditions were applied
since they were found to be optimal in our previous reported
study.”® In reactions carried out with the soluble enzyme the
concentration was adjusted to same B-galactosidase activity (200
IU measured with 0-NPG). Samples were taken at different times,
and the reaction was stopped by heating samples at 100 °C for 10
min in order to inactivate the enzyme. Samples were ten-fold
diluted with deionized water, centrifuged and then analyzed
using HPLC. Simultaneously, control samples (without enzyme)
were prepared by exposure to the same temperature treatment,
and the product was not detected in them.

x 100

initial activity of enzyme — activity in supernatant after immobilization

Protein assay

Concentration of proteins in enzyme solutions and superna-
tants was assayed according to procedure of Bradford*® using
bovine serum albumin as the standard. The amount of bound
enzyme was determined indirectly from the difference between
the amount of enzyme introduced into the reaction mixture and
the amount of enzyme in the supernatant after the immobili-
zation. The protein immobilization yield (IYp (%)) was calcu-
lated using equation:

97218 | RSC Adv., 2016, 6, 9721697225

HPLC analysis

For quantitative analysis of obtained samples, the Dionex Ulti-
mate 3000 Thermo Scientific (Waltham, USA) HPLC system was
used. GOS determination was performed using a carbohydrate
column (Hyper REZ XP carbohydrate Ca**, 300 mm x 7.7 mm, 8
um) at 80 °C. Deionized water was used as the mobile phase
with an elution rate 0.6 mL min~ " during the analysis. Detec-
tion was performed by RI detector RefractoMax 520, (ERC,
Germany). All data acquisition and processing was done using
Chromeleon Software.

This journal is © The Royal Society of Chemistry 2016
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Operational stability assay

Operational stability of B-galactosidase immobilized on AFNS
(at offered protein concentration 230 mg g~ during 3 h)
was tested at 50 °C by carrying out GOS synthesis. The reac-
tion mixture contained 100 mg of immobilized enzyme and
400 g L™ " lactose solution in 0.1 M acetate buffer (pH 4.5). After
each cycle the amount of synthetized GOS was determined by
using HPLC system. The immobilized enzyme was recovered by
centrifugation at 13 000 rpm for 3 minutes and reused in
further cycles under identical conditions.

All the experiments were run in triplicate, and error bars on
the graphics represent the standard deviation of the values
obtained.

Results and discussion
Preparation of functionalized nano-silica particles

Initially, surface of the nano-sized fumed silica (FNS) is covered
with high concentration of inert silanol groups (=Si-OH) which
represent the main surface sites responsible for FNS interac-
tions with interfacial water, organic reagents and biomole-
cules.*””* In order to change its intrinsic inorganic properties,
FNS surface was altered using commercially available bifunc-
tional coupling agent (APTMS) and cyanuric chloride (CC) in
a two-step modification process as illustrated in Scheme 1. As
result of chemical reaction between silanol groups and
methoxysilyl groups of APTMS, stable and uniform silane
network with the terminal primary amino groups was formed
on support surface (the first modification step).*” The efficiency
of modification with APTMS was examined through estimation
of the density of introduced amino groups on surface of
modified FNS. The large acquired density of amino groups (4.58

View Article Online
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umol mg ™' support) on AFNS surface provides an opportunity
for excessive enzymes attachment.*” In the second modification
step, the obtained amino modified nano-silica (AFNS) was
treated with cyanuric chloride in order to achieve introduction
of active chloride groups on AFNS surface. The main goal of
second modification step was obtaining nano-sized particles
which can be used for covalent immobilization of B-galactosi-
dase. In addition, the success of conjugation amino and chlo-
ride groups onto FNS surface was confirmed by recording FT-IR
spectra and performing TGA analysis (ESI Fig. 1 and 27).

Immobilization of B-galactosidase on functionalized silica
nanoparticles

In general, enzyme immobilization onto nano-sized support
surface depends on the available surface for enzyme attachment
and on the interaction forces between existing functional
groups on support surface and the surface of enzyme mole-
cules.** Consequently, for determination of binding capacities
for FNS, AFNS and CCAFNS particles, which differ only in
functional group present onto their surface, impact of offered
protein concentration on protein loading was investigated.
Based on the results presented in Fig. 1, it is evident that for all
three supports, the protein loading increased continuously with
the increase of the offered protein concentration up to 230 mg
¢~ ' support, while the increase of the offered protein concen-
tration beyond this value did not show any improvement in the
amount of bound enzyme per g of the support. So, it is esti-
mated that maximum binding capacities for AFNS, CCAFNS and
FNS were 220, 130 and 110 mg proteins per g of support,
respectively, which exceeds other nano-sized supports previ-
ously used for B-galactosidase immobilization.*>** Also, FNS,
AFNS and CCAFNS possess a larger available surface area in
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Scheme 1 Schematic presentation of FNS modification process.
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Fig. 1 The impact of the offered protein concentration on protein
binding capacity of B-galactosidase immobilized on FNS, AFNS and
CCAFNS. Experimental conditions: 0.1 mol L™t acetate buffer pH 4.5;
immobilization time 3 h; temperature 25 °C.

comparison to commercial macro-sized supports resulting in
one order of magnitude higher binding capacities for -galac-
tosidase attachment.'*>**

If we analyze the efficiency of B-galactosidase attachment on
FNS, AFNS and CCAFNS particles with respect to the protein
immobilization yield (IYp), it can be seen that at the offered
protein concentration of 83 mg g ' support, AFNS bound
almost all offered proteins (97.82%) on its surface (Fig. 2). Even
at 230 mg g~ of offered proteins very high IYp (91%) indicate
that efficient immobilization still happens, but further increase
of offered proteins is not justified since steep decrease of IYp
occurred. The immobilization on FNS and CCAFNS exhibited
similar trends, but with significantly lower maximum IYp of
58.06% and 71.96%, respectively.

Even though FNS, AFNS and CCAFNS exhibited excellent
binding capacity, in order to completely assess the suitability of
these supports for B-galactosidase immobilization, the impact

100 B \s
T E=JAFNs
B CCAFNS

80

60

40 -

20

Protein immobilization yield (%)
I
N
N

83 113 230 435
The offered protein concentration (mg/g support)

Fig. 2 The effect of the offered protein concentration on protein
immobilization yield of B-galactosidase immobilized on FNS, AFNS and
CCAFNS. Experimental conditions: 0.1 mol L~* acetate buffer pH 4.5;
immobilization time 3 h; temperature 25 °C.
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of offered protein concentration on the expressed activity was
investigated (Fig. 3). For all three supports, the expressed
activity of immobilized p-galactosidase displayed the same
course as protein loading, meaning that with increment of the
offered protein concentration up to 230 mg g ' support the
expressed activity also increases. At higher offered protein
concentration (435 mg g~ of support) decrease of activity of
immobilized enzyme on AFNS for 20% was observed, while loss
of activity of immobilized enzymes on FNS and CCAFNS was
even 40%.

This reduction of activity at the highest offered protein
concentration can be explained by the fact that excessive
protein loadings are likely to cause agglomeration of enzyme
molecules attached onto the surface of supports.*® Also, the
steric hindrance effect between adjacent groups of support and
enzyme can restrain diffusion of substrate, thus leading to
lower activity of immobilized enzyme,*® as was observed during
immobilization of particular enzyme on ionic exchange resin
Duolite A568.** It needs to be emphasized that achieved
expressed activity (~2100 U g~') of enzyme immobilized on
AFNS is approximately 70, 7 and 4 times higher than previously
obtained in immobilization on Purolite,*® hierarchical meso-
macroporous glyoxyl-silica and glyoxyl agarose,* respectively. In
case of nano-sized supports, it is even two orders of magnitude
higher than on graphene based magnetic nanoparticles.” All of
these facts indicate great potential of nano-silica in A. oryzae B-
galactosidase immobilization.

In summary, with respect to both, protein loading and
expressed activity, it was shown that excessive increase of
offered enzyme concentration is futile since each of examined
nano-silica based supports exhibited the best results when the
immobilization was carried out at the offered protein concen-
tration of 230 mg g~ ' support, therefore subsequent experi-
mental series was performed in such conditions.

Obtained results (Fig. 3 and Table 1) indicate that AFNS,
among analyzed nano-silica supports, provides by far the most
appropriate chemistry for the immobilization of B-galactosidase

2200

2000 -| B NS
E=AFNS
1800 - (X3 CCAFNS

1600
1400
1200
1000
800 S
600 S
400
200 +

0

( IU/g support)

immobilized pg-galactosidase

83 113 230 435
The offered protein concentration (mg/g support)

Fig. 3 The impact of the offered protein concentration on the
expressed activity of B-galactosidase immobilized on FNS, AFNS and
CCAFNS. Experimental conditions: 0.1 mol L~* acetate buffer pH 4.5;
immobilization time 3 h; temperature 25 °C.
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Tablel Comparison of B-galactosidase immobilization on FNS, AFNS and CCAFNS obtained in 0.1 mol L~* acetate buffer at 230 mg protein per

g of support during 3 h

Mass of bound enzyme

Expressed activity of immobilized

Specific activity

Support (mg g~ support) IYp (%) enzyme (IU g~ support) IYa (%) (IU mg ™" protein)
FNS 107 45 629 10 5
AFNS 211 91 2087 52 9
CCAFNS 129 56 658 14 5

with respect to activity of immobilized enzyme. Presumably, the
immobilization on AFNS occurs via electrostatic adsorption
between amino groups on support and carboxylic groups in side
chains of amino acids, while basic residues reduce immobili-
zation due to repulsive forces. Since groups involved in these
interactions are weak basis and acids, pH should have signifi-
cant influence; hence it was analyzed in additional experiment
with AFNS. Results (Table 2) clearly show that immobilization is
by far the most efficient at pH 5.

Significant impact of pH on immobilization can be explained
by the fact that enzymes are more prone to interact with posi-
tively charged functional groups if they are negatively charged,
which occurs at pH values above their pI, which is around 4.6
for B-galactosidase from A. oryzae.** However, overall enzyme
charge is not the only factor that influences adsorption via ionic
interactions, since distribution of charged residues on the
surface of enzyme also governs the efficiency of immobilization
by directing the orientation of adsorbed molecules. Since
surface of the support is positively charged throughout exam-
ined pH range due to primary amino groups, it can be assumed
that distribution of negatively charged residues and properties
of residues in their vicinity cause large discrepancies in effi-
ciency of immobilization at different pH values. The effect of pH
on the efficiency of immobilization could be further explained
by distribution of amino acid residues relevant for adsorption
on the surface of B-galactosidase from A. oryzae (Fig. 4).

According to studies of pK values of ionizable groups in
folded proteins average pK values of aspartic and glutamic
residues are around 4, but pKs of individual residues vary in
very wide range from 1 up to 9 due to the effects of environ-
ment.*** The pKs of carboxyl groups increase in vicinity of
hydrophobic environment usually encountered when groups
are partially or completely buried in proteins, while presence of
positively charged groups decrease the pK of carboxyl groups.*”
If we apply these findings on our immobilization, it is plausible
that carboxyl groups in region opposite to active site of p-

Table 2 The influence of pH on efficiency of B-galactosidase
immobilization on AFNS

Immobilization Expressed activity of immobilized
buffer pH B-galactosidase (IU g~* support)
pH 4 1350

pH 4.5 2087

pH 5 2284

pH 6 921

pH 7 466

This journal is © The Royal Society of Chemistry 2016

Fig. 4 Distribution of amino acids that have amino and carboxylic acid
group on the surface of the B-galactosidase from A. oryzae. Residues
with amino group are shown in dark blue, residues with carboxylic acid
group in red, hydrophobic regions in light blue and the active site in
yellow. Front view on active site. (A) 180° rotation of the front view in
x—y plane. (B) The 3D structure was obtained using Pymol vs. 0.99 and
data obtained from Protein Data Bank (PDB). PDB code for B-galac-
tosidase from A. oryzae is 41UG.

galactosidase from A. oryzae, which are exposed on the surface
and surrounded with numerous amino groups (Fig. 4A), have
pKvalues even less than 4 meaning they are charged throughout
examined pH range and attractive forces between support and
enzyme are imminent if adsorption occurs via this region. On
the other hand, in vicinity of active site carboxyl groups are
more abundant than amino groups and their environment is
more hydrophobic, which should increase their pK values above
average value. Therefore, it is plausible that these groups
become charged only at pH values above 5, which directs
adsorption towards this region because it is favorable due to the
lack of repulsive forces caused by amino groups. Since these
groups are in vicinity of active site, steric obstacles for approach
of substrate to active site lead to drastically lower activity of
immobilized enzyme.

Summing previously imposed statements, it can be assumed
that enzyme molecules are dominantly adsorbed on a positively
charged surface of AFNS via electrostatic attractions with
negatively charged carboxyl groups exposed in the region
opposite to active site. The established interactions orients
enzyme in such way that allows easy access of the substrate to
the active site. Opposite to AFNS, negatively charged silanol
groups of FNS form electrostatic attractions with positively
charged amino groups present in the vicinity of active cite. In
this case adsorption occurs through groups in neighborhood of
active site, so it leads to steric obstacles for the approach of
substrate to the active site, resulting with the drastically lower
activity of immobilized enzyme. Nevertheless, it should be
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emphasized that between both supports and enzyme molecules,
beside electrostatic interactions, could be also formed hydro-
phobic interaction, week van der Waals forces and hydrogen
bonds. Their contribution is significant through stabilization of
occupied orientation of adsorbed molecules via dominant
electrostatic interactions.>*

The immobilization of B-galactosidase on CCAFNS surface
should predominantly occur between the amino groups located
on B-galactosidase surface and chlorine atoms of the attached
cyanuric chloride on CCAFNS surface. It seems that formed
covalent bonds turned to be disadvantageous since active sites
have become blocked and inaccessible for substrate. As result,
activity immobilization yield and specific activity of p-galacto-
sidase immobilized on CCAFNS was significantly lower than for
enzyme adsorbed on AFNS (Table 1).

From all presented results, it can be concluded that immo-
bilization of B-galactosidase is more favorable via carboxyl resi-
dues than via amino acid residues present on enzyme surface
which is in agreement with our previously reported study.*

Thermal stability study

In order to investigate applicability of the immobilized enzymes
on the industrial scale, the thermal stability of B-galactosidase
immobilized on FNS, AFNS and CCAFNS was assessed at 60 °C.
The obtained results (Fig. 5) clearly indicate that the highest
stability is achieved with enzyme immobilized on AFNS. (-
Galactosidase immobilized on AFNS and CCAFNS retained 72%
and 35% of the initial activity after 12 h of incubation at 60 °C,
respectively. Thermal stability of B-galactosidase immobilized
on FNS did not differ significantly with regard to thermal
stability of free enzyme. The half-life of the immobilized
enzymes on AFNS and CCAFNS were 24 h and 10 h, respectively,
while half-life of free B-galactosidase was only 2.5 h. Although, it
was expected that covalently bound enzyme on CCAFNS was
more stable than adsorbed on AFNS, the lower stability of the

—m—FNS

—@— AFNS

—A— CCAFNS
—&— Free enzyme

! 1 1 L) 1 1
8 10 12 14 16 18 20 22 24
Incubation time (h)

0 2 4 &6

Fig. 5 Thermal stability of free B-galactosidase and B-galactosidase
immobilized on FNS, AFNS and CCAFNS at 60 °C. Immobilization was
performed at the offered protein concentration of 230 mg g~ support
during 3 h.
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immobilized B-galactosidase on CCAFNS suggests that low
number of interactions between lysine groups and chloride
groups of CCAFNS was established. Presence of lysine groups as
well as the number of formed covalent bonds plays the critical
role in stability of immobilized B-galactosidase as evidenced by
the case of stability of covalently immobilized B-galactosidase
on glyoxyl-agarose and chitosan-coated magnetic nanoparticles
with tris(hydroxymethyl)phosphine.?®>*

So, results of thermal stability study confirm that immobi-
lization of B-galactosidase on AFNS provides advantage of
improved rigidity and resistance to unfolding during heat
treatment in addition to previously observed increased activity.

Production of galacto-oligosaccharides

Since AFNS is the most prospective among obtained immobi-
lized derivatives, it was further evaluated in bio-conversion of
lactose into galacto-oligosaccharides (GOS) (Scheme 2). During
enzymatic lactose conversion, two competing reactions, hydro-
lysis and transgalactosylation, take place as presented in
Scheme 2. Firstly, B-galactosidase attacks B-(1—4) glycosidic
linkage in lactose molecule and as result enzyme-galactosyl
complex is formed. The hydrolysis will happen if water acts as
galactosyl acceptor and as end products glucose and galactose
will be produced. Meanwhile, GOS will be made through
transgalactosylation reaction which means that enzyme instead
of transferring the galactosyl unit to the hydroxyl group of water
transfers it to another lactose molecule. Generally, shifting
towards transgalactosylation reaction occurs in the concen-
trated lactose solutions (above 200 g L™"); because they contain
more sugar molecules that can compete with water molecules
leading to increase in production of GOS.* The GOS synthesis
was performed at initial lactose concentration of 400 g L™, pH
4.5 and 50 °C, since these reaction conditions are determined as
optimal in our previously reported study.*

In Fig. 6 GOS syntheses using AFNS-immobilized B-galacto-
sidase and free enzyme are compared. For adequate estimation
of B-galactosidase affinity towards transgalactosylation, the GOS
synthesis was carried out with the amounts of free B-galactosi-
dase that provide equal initial hydrolytic activity (10 IU mL ") of
free B-galactosidase and immobilized on AFNS. Immobilized
enzyme demonstrated rapid increase in production of total
mass of GOS during first hour, resulting in maximum total GOS
of 91 g L' (Fig. 6A). Apparently, it took three hours for free
enzyme to produce the same amount of total GOS meaning that
the AFNS immobilized preparation appears to have better
catalytic capability for synthesizing GOS than free enzyme. The
concentration of total GOS produced by immobilized and free -
galactosidase was plotted against the percentage of lactose
conversion (light grey curves at Fig. 6A and B). As observed, total
GOS production decreased after a certain degree of lactose
conversion. This is due to the fact that simultaneously with
synthetic reaction hydrolysis of lactose (formation of glucose
and galactose) and GOS occurs, hence for each reaction system
equilibrium point in which hydrolysis prevails GOS synthesis
must be determined. The maximum amount of total GOS for
the immobilized enzyme was achieved at lactose conversion of

This journal is © The Royal Society of Chemistry 2016
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Scheme 2 Schematic presentation of GOS synthesis catalysed by immobilized B-galactosidase.
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Fig. 6 Time course of total GOS formation (dark grey curve) and impact of lactose conversion on concentration of total GOS (light grey curve)
using B-galactosidase immobilized on AFNS (A) and free B-galactosidase (B).

56%. For the free enzyme, the corresponding value of 90.9 g L. ™"
was obtained for about 50% lactose conversion. Considering
the very small size (7 nm) and nonporous structure of the AFNS
particles, presented results confirm that enzyme immobiliza-
tion on AFNS does not impose any mass transfer limitations on
GOS formation from lactose. Also, use of immobilized enzyme
is interesting since it allows higher lactose conversion degrees,
which is beneficial for GOS downstream processing. The
concentration of reaction species (glucose, galactose, lactose,

This journal is © The Royal Society of Chemistry 2016

GOS 3 and GOS 4) of lactose bioconversion as a function of
reaction time is depicted at Fig. 7.

From presented results, it can be observed that hydrolysis
and transgalactosylation occur simultaneously during first
hour with the lactose conversion rate of 200 g L™ " h™". Yet it
can be noted that transgalactosylation dominates the lactose
bioconversion, since the AFNS immobilized preparation have
produced 76 g L™" of glucose, 64.8 g L™* of GOS 3 and 22.73 g
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Fig.7 Reaction mixture concentration changes in the product stream
at different reaction time for B-galactosidase immobilized on AFNS.
Reaction conditions: temperature 50 °C; initial lactose concentration
400 g L™%; 100 mg of immobilized B-galactosidase.

L~" of GOS 4 implying that overall GOS production was 1.3-
times higher than glucose production.

The prominence of transgalactosylation is also confirmed by
steeper increase of glucose in comparison with galactose, which
indicates that galactose is being incorporated in GOS in
significant extent. After three hours, the slopes of these curves
become similar, while concentration of GOS 3 and GOS 4
exhibited slight decrease suggesting that hydrolysis was slowly
becoming predominant.

Considering the GOS productivity of the immobilized prep-
aration acquired (90 g L™" h™%), our result is by far larger than
those previously obtained in other studies. For instance,
productivity of B-galactosidase immobilized on genipin cross-
linked chitosan particles was found to be 38.66 ¢ L™' h™'
under same conditions as in this study.*® Also, B-galactosidase
immobilized on AFNS, exhibited 15-folds higher productivity (g
of synthetized GOS per g of support per h) than same amount of
immobilized B-galactosidase on Purolite A109.%°

Operational stability study

One of the advantages associated with the industrial application
of immobilized enzymes is possibility for their multiple usages
which increase overall cost-effectiveness of process. For that
purpose, the reuse potential of AFNS immobilized B-galactosi-
dase was examined in five reaction cycles. The obtained results
showed that this immobilized preparation could be reused in
GOS synthesis, since after fifth cycle the immobilized enzyme
retained 50% of initial activity. Additionally, during reuse
leaching of enzyme from support surface was not detected by
protein assay.

The absence of mass transfer limitation on the immobilized
enzyme, high GOS productivity coupled with the increased
thermal stability and operational stability impose conclusion
that B-galactosidase immobilized on AFNS has prospects in
application in transgalactosylation processes.
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Conclusions

The immobilization of A. oryzae B-galactosidase onto unmodi-
fied, amino- and CC-functionalized silica nanoparticles proved
to be justified due to achieved high enzyme loadings and
immobilized activities. Among analyzed nano-silica supports
enzyme exhibited the highest affinity towards one with amino
groups, which is in accordance with our previous findings with
the same enzyme and support with different scaffold, but
identical functional group. Hence, in this manuscript the
attempt to elucidate mechanism of immobilization, based on
available enzyme conformation and investigated effect of pH on
immobilization, was presented. Obtained immobilized -
galactosidase activity per gram of support is hugely increased in
comparison with previously reported values with supports that
were not nano-materials. Finally, AFNS-immobilized enzyme
has shown high thermal stability and activity in trans-
galactosylation, which recommends it for use in synthesis of
valuable bioactive galactosides.
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