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Abstract A synthetic polymer, polyvinyl alcohol (PVA), a cheap and nontoxic synthetic
polymer to organism, has been ascribed for biocatalyst immobilization. In this work PVA—
alginate beads were developed with thermal, mechanical, and chemical stability to high
temperatures (<80 °C). The combination of alginate and bead treatment with sodium sulfate
not only prevented agglomeration but produced beads of high gel strength and conferred
enzyme protection from inactivation by boric acid. Naringinase from Penicillium
decumbens was immobilized in PVA (10%)-alginate beads with three different sizes
(1-3 mm), at three different alginate concentrations (0.2—1.0%), and these features were
investigated in terms of swelling ratio within the beads, enzyme activity, and immobili-
zation yield during hydrolysis of naringin. The pH and temperature optimum were 4.0 and
70 °C for the PVA—alginate-immobilized naringinase. The highest naringinase activity yield
in PVA (10%)-alginate (1%) beads of 2 mm was 80%, at pH 4.0 and 70 °C. The Michaelis
constant (Kyapp) and the maximum reaction velocity (Vmaxapp) Were evaluated for both free
(KMapp=0.233 mM; Viaxapp=0.13 mM minfl) and immobilized naringinase (Knjapp=
0.349 mM; Vijaxapp=0.08 mM min " "). The residual activity of the immobilized enzyme was
followed in eight consecutive batch runs with a retention activity of 70%. After 6 weeks,
upon storage in acetate buffer pH 4 at 4 °C, the immobilized biocatalyst retained 90% of the
initial activity. These promising results are illustrative of the potential of this immobiliza-
tion strategy for the system evaluated and suggest that its application may be effectively
performed for the entrapment of other biocatalysts.
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Introduction

Flavonoids, naringin and naringenin, from citrus fruits are functional chemicals with
important properties in the fields of health care, food, and agriculture. Naringin, composed
of the aglycon naringenin and the disaccharide neohesperidose, is the principle bitter
flavanone glycoside and the primary bitter component in grapeftruit juice [1]. The aglycone
and neohesperidose are not bitter compounds when present separately in free form. The
sugar present at position 7 in the flavanone is crucial for its properties; neohesperidose
imparts bitterness; glucose and rutinose impart no bitterness [2]. Enzymatic hydrolysis is a
possibility to overcome the bitterness and obtain compounds with improved biological
activities. Naringin can be hydrolyzed by «-L-rhamnosidase activity of naringinase to
rhamnose and prunin (one third of the bitterness of naringin), which can be further
hydrolyzed by the (3-D-glucosidase component of naringinase into glucose and tasteless
naringenin [3]. These molecules have a great potential, especially in the food and
pharmaceutical industries due to their recognized antioxidant, anti-inflammatory [4],
antiulcer, and hypocholesterolemic effects, whereas naringenin has also shown antimuta-
genic and neuroprotective activities. Both naringin and naringenin have these similar
medical applications, indicating that the biological activity is related to the aglycon moiety,
and it is not associated with the sugar residues. Prunin has antiviral activity.

A significant aspect of great concern is the entrapment of enzymes into the polymeric
matrices, which also provides a technique of enzyme immobilization.

The main purpose of enzyme immobilization lies in the economic application of
enzymes in various industrial and technological processes. Moreover, the recovery yield
and reusability of free enzymes as industrial catalysts are quite limited and, hence, attention
has been paid to enzyme immobilization [5]. Many researchers have studied the efficacy of
entrapment of the naringinase in different matrices. It is concluded that each support has its
own advantages and disadvantages in accordance with the enzyme employed. When the
matters of reusability, thermal stability of the support at higher temperatures, and the cost-
effectiveness of the immobilization method are addressed, polyvinyl alcohol (PVA)-—
alginate-based matrices can be considered highly ranked at the top of most suitable
immobilization methods.

PVA is a particularly interesting material because it is innocuous, cheap, and also
mechanically and chemically robust [6, 7]. Even though it has been mainly used for cell
immobilization [8], it has been successfully applied to the immobilization of enzyme—
polymer composites [9, 10] and enzyme aggregates [11]. The most common immobilization
method is performed by mixing the biocatalyst with a solution of commercial PVA, and the
promotion of gelification is accomplished by dripping the mixture over a surface, allowing
for partial drying [8, 12] by freezing and thawing [13] or by UV light [14], or otherwise by
dripping the mixture to an extrusion solution such as boric acid or sodium sulfate to
promote the cross-link between PVA molecules [15-23].

Some authors [24] have produced PVA beads using only PVA cross-linked with boric acid,
but the formed beads had a strong tendency to agglomerate into a mass of polymer, which is
very difficult to break up. This agglomeration problem appears to be due to the relatively slow
cross-link of the PVA by boric acid [16]. Agglomeration problem persisted even with vigorous
stirring of the boric acid solution to keep the beads suspended. In order to form spherical
beads, which is the preferred shape for application, a mixed solution of PVA and sodium
alginate and a mixed solution of boric acid and calcium chloride were used. It was presumed
that the PVA might contribute to improve the durability and strength of the beads, while
calcium alginate might improve the surface properties of the beads, reducing the tendency to
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agglomeration [16]. It is believed that calcium alginate would be formed almost
instantaneously when the sodium alginate comes in contact with calcium chloride solution,
and the resulting polymeric structure is sufficient to keep the beads from agglomeration during
the PVA cross-linking process [25]. In this technique, the boric acid solution containing
tetrahydroxyborate ions, B(OH)*", is added to an aqueous solution containing PVA
(-CH2CHOH-),,. These borate ions are cross-linked with the alcohol groups on adjacent
chains [15]. The mechanism of the cross-link reaction of borate ion with PVA is believed to be
a “di-diol” complexation, which is formed between two diol units and one borate ion [26—30].

This cross-linking appears like chemical bonds, except that they are labile polar covalent
interactions. They are constantly and rapidly breaking and reforming, resulting in the unusual
intermediate solid and liquid properties [15, 30]. However, due to the mentioned unusual
semisolid properties, the beads produced easily dissolved in distilled water. To overcome this
problem, sodium sulfate was introduced in the bead formation. The sulfate ions would
probably form thiosulfate linkages among the cross-linked PVA, increasing the elasticity and
the strength of the beads and thus improving their physical/mechanical properties.

The main focus of this study was to investigate the feasibility of the acid boric/calcium
chloride and sulfate method and evaluate the PVA-alginate beads in terms of the
naringinase activity within the beads (Fig. 1). Different sodium alginate concentrations
were used. The effects of the matrix composition, bead size, enzyme load, temperature, pH,
and substrate concentration in the performance of the biocatalyst were studied, as well as its
storage and operational stability.

Material and Methods
Materials

Naringinase (EC 3.2.1.40) from Penicillium decumbens (CAS number 9068-31-9) and
naringin were obtained from Sigma Chemical Co. (USA). The enzyme was kept at 0 °C. PVA
(99% hydrolyzed, average MW 4,441) and alginic acid sodium salt from brown algae were
from Fluka (St. Louis, MO, USA). Sodium sulfate anhydrous, calcium chloride dehydrated,
and boric acid were purchased from Merck Schuchardt OHG (Darmstadt, Germany).

All other chemicals were of analytical grade and obtained from various sources.

Analytical Methods

Reducing sugars were quantified by the 2.4-dinitrosalicylic acid (DNS) method [31].
Standardization was obtained with different concentrations of D-glucose (0.5-4 mM).

Fig. 1 Immobilization of
naringinase in PVA—alginate for
the hydrolysis of naringin

Prunin
m Rhamnose
R Glucose
Naringin
Naringenin

Immobilized Naringinase
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Any contribution of thermal hydrolysis was eliminated as no reducing sugars were
observed after incubating the naringin solution at different temperatures.

Beads without naringinase were used as control for the DNS method. No significant
differences in the reaction media with and without beads were observed in sample
absorbance at 550 nm.

The quantification of reducing sugars by DNS method when used in this kind of
immobilization experiences leads to a large number of samples in a short time and requires
a large amount of material, which inflate the cost and resources. In order to develop a
simpler, faster, and user-friendly method for detection of reducing sugars, with the same
accuracy and reliability as the one described by Miller [31], every procedure was adapted to
a micromethod (U96 MicroWell® plate, NUNC™, USA), using a microplate especially
designed to process large number of samples at the same time in short periods of time,
assuring uniform and thermostable conditions, avoiding loss of liquid due to evaporation,
and with ability to resist high temperature thereby allowing a large number of reuses
without degradation (Fig. 2).

Procedure Seventy-five microliters of DNS reagent was added to 75 pL of sample in each
well of the microplate, which was closed afterwards by assembling all the parts and placed
at the surface of water bath at 95 °C for 5 min, assuring that there were no air bubbles in the
submerged part of the microplate. After cooling to room temperature, the lid was
disassembled by unscrewing the nuts, and the absorbance of samples was recorded with a
spectrophotometer (Biophotomether, Eppendorf, UK) at 550 nm.

The method of quantification of protein (naringinase) was adapted from Bradford [32].
In order to develop a simpler, rapid, and user-friendly method, every procedure was adapted
to micromethod, using a 96-well round-bottom microplate. Protein samples of 50 uL were
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Fig. 2 Schematic of a new design of microplate for DNS micromethod
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diluted in 0.02 M sodium acetate buffer (pH 4.0) to a final volume of 100 pL. Coomassie-
blue-containing solution (25 puL, Bio-Rad Protein Assay, Bio-Rad, Munich, Germany) was
added, and absorbance was measured at 595 nm. Quantification was made with the help of
a calibration curve obtained with standard solutions of naringinase (0—100 pg mL ™).

Swelling Ratio

To measure the swelling behavior, bead samples were dried at 40 °C in an oven for 20 min,
and their weights (We) were immediately measured. They were then soaked in acetate
buffer maintained at 4 °C and again weighed, following removal of excess buffer with filter
paper, after 18 h (W}). The swelling ratio was determined according to [33, 34]:

SR (%) = (We - Ws)/We x 100

Swelling ratio trials were performed over beads obtained through different immobili-
zation procedures or different features, namely: (1) bead size 1.0-3.0 mm; (2) different
concentration and composition of extrusion solution I: boric acid 1-3% (w/v) and calcium
chloride 1-2% (w/v); and (3) different alginate concentration beads (0.2—1.0%).

Enzyme Activity

Naringin bioconversion studies were carried out in standard solutions of naringin
(500 mg L™ in acetate buffer 0.02 M, pH 4.0), at 30 °C, 150 rpm (orbital shaker SI500,
Stuart, UK) during 1 h (unless stated otherwise), in microplates (Costar® 24 Well Clear TC-
Treated Microplate, Corning Inc., USA) at an established reaction volume of 2 mL. At
given intervals (20, 30, and 60 min), aliquots of 100 pL were taken and analyzed after
dilution in acetate buffer.

The degree of naringin hydrolysis was calculated according to the reducing sugar
formation. Residual activity was defined as the ratio of the activity of immobilized enzyme
to the activity of the free enzyme [Residual activity (%) = Activity of immobilized
enzyme (mM h™') /Activity of free enzyme (mM h™')) x 100].

The experiments were performed in triplicate, and all results were the average of these
determinations.

Immobilization Procedure

Immobilization was carried out by addition, at room temperature, of 3 g of PVA to 24 mL
of acetate buffer at pH 4.0. The solution was mixed and heated to 80 °C to completely
dissolve the PVA. Ten milliliters of sodium alginate 10% (w/v) solution in acetate buffer,
pH 4.0, was prepared and then added to the PVA solution and gently stirred for 45 min. The
PVA-alginate solution was then cooled to a temperature of around 35 °C, followed by
addition of a certain volume of naringinase stock solution, in order to attain the desired
concentration and then mixed thoroughly. Suitable PVA beads were produced with PVA
concentrations ranging from 8% to 16% (however, 10% was the best one), alginate from
0.05% to 2.0%, and boric acid from 2.0% to 7.0%.

The mixture was dropped through a specific diameter (0.3, 0.5, and 0.8 mm) needle
from TERUMO (Somerset, NJ, USA) into the extrusion solution I, containing boric acid
2% (w/v) and calcium chloride 1% (w/v), at 8 °C, producing a set of beads. Each set of
beads was stirred gently at 150 rpm, during 15 min, and then transferred to extrusion
solution II containing sodium sulfate 10% (w/v), unless stated otherwise. The gelling was
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allowed to proceed for 4 h, at 4 °C, to complete solidification. After, they were separated by
filtration and then washed with acetate buffer at pH 4.0 to remove any excess of sodium
sulfate. The beads were finally stored at 4 °C in fresh acetate buffer at pH 4.0, until constant
weight (generally overnight) before usage (Fig. 3).

A ratio (v/v) of 4 (reaction media):1 (immobilized enzyme PVA-—alginate beads) was used.

Bioconversion trials were performed with beads produced with different compositions of
extrusion solution I: boric acid (1-3%) and calcium chloride (1%). In a second stage, all the
beads were treated with the same extrusion solution II (sodium sulfate 10%).

The effect of alginate concentration on the activity of immobilized naringinase was
evaluated with beads produced with different alginate concentrations (0.2—1.0%).

The effect of bead size on the activity of immobilized naringinase was evaluated with
different bead size range of 1-3 mm.

Evaluation of Optimum pH and Temperature

The optimum pH of free and immobilized naringinase was determined by carrying out the
enzyme assay using acetate buffer with pH ranging from 3.0 to 6.0, at 30 °C, 150 rpm, and
incubation for 1 h.

The optimum temperature of free enzyme and immobilized naringinase beads was
determined by incubating the microplated assay mixture in a shaking water bath (SW21,
JULABO, PT) at various temperatures (from 30 to 90 °C), pH 4.0, at 150 rpm, for 1 h. In both
cases, samples were collected at 20, 30, and 60 min, and the enzyme activity was assayed.

Kinetic Parameters

The effect of enzyme concentration on the activity of immobilized naringinase was
evaluated on bioconversion trials performed with beads produced with different enzyme
concentrations from 500 to 2,000 mg L.

The effect of naringin concentration on enzyme activity was studied for free and
immobilized naringinase onto PVA-alginate beads. The activity of the biocatalyst
(2,000 mg L™" in reaction mixture) was determined by adding naringin standard solutions
ranging 100-600 mg L™ in sodium acetate buffer (0.02 M, pH 4.0). The rate of naringin

Fig. 3 Example of immobilized naringinase beads—-PVA 10%-sodium alginate 1% cross-linking with boric
acid 2%/calcium chloride 1% followed by sodium sulfate 10%. Size 2 mm
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hydrolysis was assayed at 30 °C, for up to 1 h, and the initial reaction rate method was
used. The kinetic parameters were evaluated using the Lineweaver—Burk method.

Operational and Storage Stability

In order to test the reusability of naringinase in PVA—alginate beads, the beads were used
several times for the hydrolytic reaction. Each run lasted 1 h after which the beads were
separated and washed with 0.02 M acetate buffer (pH 4.0). The reaction medium was then
replaced with fresh medium. The activity of freshly prepared beads in the first run was
defined as 100%. The stability of immobilized naringinase beads at storage were monitored
during 6 weeks at 4 °C. The residual activity was measured as stated above.

Results and Discussion

In the preparation of the naringinase immobilized PVA beads, contact time with the boric
acid greatly affected gel strength. Boric acid is consumed during the PVA—gelling reaction.
So, an excess amount of the boric acid is required for a rapid progression of PVA
polymerization. Initially, the gelling reaction occurred immediately on the surface of the
beads; subsequent gelling reaction inside is accomplished with further diffusion of the boric
acid into the beads [21].

It is well known that immobilization can protect enzyme from inactivation and
eventually from denaturation at extreme conditions, by creating a stable microenvironment
[15]. Several studies were carried out, namely the effect of acid boric exposure time during
naringinase immobilization procedure on the residual activity (Fig. 4). Different periods of
exposure to boric acid were tested based in solidification times. Boric acid interferes with
naringinase activity. Higher exposures times contribute to lower activities of naringinase in
free and immobilized forms. These preliminary observations suggest that solvent systems
need to be further tailored in order to improve cross-linking efficiency, by minimizing the
naringinase leakage as well as preventing any deleterious effects on the enzyme
conformation, assuring a stable and high strength support matrix.

Fig. 4 Residual activity of 60 -
immobilized naringinase beads, T Immobilized
with different times of exposure ﬂ];\
to 3.5% boric acid extrusion 50 4 \I\
solution during immobilization. o’\o‘
Reaction conditions: 500 mg ; 40 | \I
enzyme per liter, sodium acetate '§'
buffer 0.02 M, pH 4.0, tempera- g
ture 30°C, 30 min a 30

©

3

2 20 A

Q

2

10 -
0 T T T 1

4 7 10 13
Exposure time to boric acid during
immobilization (hours)
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Swelling Ratio and Enzyme Activity

Swelling measurements are relatively simple means to characterize cross-linked polymer
networks being helpful in the interpretation of diffusion transport processes through the
macromolecular material [35] and of drug release.

Penetration of solvent into the polymer leads to its swelling which is involved with
diffusion of solvent molecules through the polymer matrix and local relaxation of polymer
segments. For rapid relaxation rates, penetration speed is limited by diffusion process and
Fickian transport is observed. In this type of swelling mechanism, diffusion of water
molecules inside the polymer is a rate-limiting step [35].

Gelation of alginate occurs in the presence of calcium ions. The mechanical strength of
the gel generally increases with an increase in the Ca®" concentration during the
solidification process. Thus, it is possible to postulate that gelation of alginate in a
suitable concentration of Ca”" is effective for the promotion of mass transfer character-
istics in PVA beads [18]. The effect of different ratios of cross-linkers/PVA—alginate on
the swelling characteristics of the PVA hydrogel is shown in Fig. 5. The PVA beads
obtained at calcium chloride concentrations of 1% and 2% exhibited a very weak gel
structure, which was not sufficiently cross-linked (Fig. 5, a and b). In fact, only alginate
was cross-linked with calcium chloride; PVA was in the soluble form and dissolved

Swelling ratio (%)

1% Calcium 2% Calcium |1% boric acid +|2 % boric acid +|3 % boric acid +
chloride chloride 1% Calcium 1% Calcium 1% Calcium
chloride chloride chloride

Extrusion solution |

Fig. 5 Effect of different ratios of cross-linkers/PVA—alginate on the swelling ratio of cross-linked PVA
(10%)-alginate (1%) beads in sodium acetate buffer solution (pH 4.0) at 4 °C. Extrusion solution—a CaCl,
1%; b CaCl, 2%, ¢ boric acid 1% + CaCl, 1%; d boric acid 2% + CaCl, 1%; e boric acid 3% + CaCl, 1%.
All beads were treated with the second extrusion solution of sodium sulfate 10%
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almost completely after transferring the beads into acetate buffer. This loss of mass
(dissolution of PVA to buffer) corresponds to lower wet weights resulting in lower
swelling ratios.

This observation was confirmed after naringin hydrolysis by naringinase immobilized in
PVA (10%)—alginate (1%) beads treated with calcium chloride 1% and 2%, respectively, and
with the second extrusion solution of sodium sulfate (10%). The sulfate ions would probably
form thiosulfate linkages among the cross-linked PVA. Treatment of beads with sodium
sulfate resulted in PVA beads, with a rubberlike elasticity and strength almost identical to
beads that were produced by previous researchers [15, 29, 30] but with improved properties.

Different ratios of boric acid/PVA led to significant difference in water uptake by the
beads. Higher ratios led to lower swelling ratio. Chain entanglement along with increase in
cross-linking agent concentration would result in a decreased network expansion [35]
(Fig. 5, ¢, d, and e). Lower boric acid/PVA ratios caused a significant increase in swelling
properties. In general, it may be concluded that the increase of acid boric/PVA ratio
increases the cross-linking density, which significantly reduces the swelling ratio of the gels
[35] and that cross-linking of hydrogels contributes to the reduction of the molecular mesh
size of the gel [36]. These results show the suitability of combined saturated boric acid
solution and calcium chloride solution together to cross-link PVA—alginate.

Figure 6 shows the influence of the different concentrations of boric acid within the
beads on naringinase activity. Higher concentrations of boric acid (e.g., 3%) resulted in
lower residual activity. This is probably due to the excessive borate ions that may be present
inside the beads, which may inactivate the enzyme. Also, the use of higher boric acid

Immobilized

50 A

40 +
30 ~
20 ~

Residual activity (%)

10 4

1% boric acid + 1% 2 % boric acid + 1% 3 % boric acid + 1%
Calcium chloride Calcium chloride Calcium chloride

Extrusion solution |

Fig. 6 Effect of different ratios of cross-linkers/PVA—alginate on residual activity of immobilized
naringinase. All beads were treated with the second extrusion solution of sodium sulfate 10%. Reaction
conditions: 500 mg enzyme per liter; initial naringin concentration, 500 mg/L; sodium acetate buffer 0.02 M;
pH 4.0; reaction time, 1 h
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concentrations resulted in denser beads with smaller pores [15]. This property seems to
limit the diffusivity of the substrate naringin and/or product naringenin. On this basis, both
effects may contribute to the decrease in the activity of the enzyme, naringinase. Beads
treated at lower boric acid concentration (1%) lead to higher residual activities but were
shown to be more fragile. In fact, equilibrium between mechanical stability of the matrix
and residual activity has to be considered.

PVA-—alginate-immobilized beads have advantages on the simple operation of immobi-
lization and on the high strength [37]. Calcium alginate facilitates the formation of
hydrogen bond between PVA molecules, contributing to the formation of interpenetrating
gel network [37].

The kinetic studies of swelling in water showed that pure PVA and PVA-alginate
hydrogels reaches equilibrium after 4 h (Fig. 4).

A correlation was observed between the swelling behavior in acetate buffer at pH 4.0
and the equilibrium properties of alginic acid gels. High contents of cross-link gel (long
guluronic acid blocks), known to give a high acid gel strength, reduced the rate of swelling
and also the amount of solubilized alginate molecules leaching out of the gel beads [37].

The swelling ratio decreased with increasing alginate content (Fig. 7), indicating that it
possibly contributes to low mass transfer in PVA beads, like observed by other authors
[22, 33]. The higher resistance to mass transfer could be ascribed to premature formation of
calcium alginate gel, which would in turn restrict the fluidity of PVA, shortening the
distance between PVA molecules and increasing the number of hydrogen bonds between
polymer chains, which leads to the increase in the density of physical cross-linking sites.

Swelling capacity, rate of swelling, and solubility of alginic acid seemed to depend on a
balance between the tendency of homopolymeric blocks in alginate to form intermolecular
junction zones and the tendency of alginate to reduce the chemical potential of water.

As expected, swelling rate increased with decreasing bead size, as it is evidenced from
the results of bead size effect, presented in Fig. 8.

In order to study the effect of bead diameter and alginate concentration in enzyme
activity, several sets of PVA (10%) beads were produced in three different sizes with three
alginate concentrations (Fig. 9). All the beads were cross-linked with extrusion solution I
[acid boric (2%) + calcium chloride (1%)] and extrusion solution II [sodium sulfate (10%)].

Surface area/volume ratio is inversely proportional to the bead diameter. The smallest
beads correspond to the highest surface area/volume value [38]. The immobilized enzyme
in 1-mm beads yields higher activity per gram of beads (34%, 50%, 67% at sodium alginate
of 0.2%, 0.5%, 1.0%, respectively) than the enzyme immobilized in 3-mm beads (32%,
48%, 64% at sodium alginate of 0.2%, 0.5%, 1.0%, respectively).

Fig. 7 Effect of different alginate 40 -
concentration on the swelling
ratio of cross-linked PVA (10%) 35 1
beads in sodium acetate buffer © 304
solution (pH 4.0) at 4 °C. All o o5 |
beads were treated with first and 5
second extrusion solution of o 20 1
sodium sulfate (10%) % 15 |

& 10

0 T T :

0.2 0.5 1
[Alginate] (%)
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Fig. 8 Effect of different bead 40 -
size on the swelling ratio of
cross-linked PVA 10% beads in 351 0.5% [alginate]
sodium acetate buffer solution T 301 .
(pH 4.0) at 4 °C. All beads were o 25 |
treated with first and second b=
extrusion solution of 10% sodium o 201
sulfate £ 15
]
3 104
5
0 T T

1 2 3
Beads diameter (mm)

These results showed an increase on enzyme activity with beads of lower diameter
(Fig. 9). Beads with 1-mm diameter have higher surface area/volume ratio allowing a
greater amount of enzyme accessible to substrate [38]. On other hand, at higher diameters,
naringin could encounter more diffusion restrictions.

PVA-alginate beads with low concentration of alginate have lower resistance to mass
transfer. Accordingly and in the absence of enzyme leakage, PVA beads with higher
alginate concentration should have lower residual activity because substrate faces increased
diffusion resistances to reach the enzyme inside the beads.

The effect of alginate concentration on enzyme activity (Fig. 9) revealed that PVA beads
with higher alginate concentration (1%) have higher residual activity (64-67%). These
unexpected results could be due to low enzyme loading with increased alginate concentration.

90 -

80 -
1% [alginate]

70 A

60 - | 0.5% [alginate] |

50

[ 0.2%alginate] |

40 A

30 -

Residual activity (%)

20 -

10 +

=1mm =2mm =3mm =1mm =2mm =3mm =1mm =2mm =3mm

Fig. 9 Effect of different bead sizes and alginate concentrations on the residual activity of immobilized
naringinase in PVA 10% beads. Bead size obtained, at 40° hydrogel temperature: ¢ ~3 mm; b =2 mm,
¢ ~1 mm. All beads were treated with second extrusion solution of 10% sodium sulfate. Reaction conditions:
2,000 mg enzyme per liter; initial naringin concentration, 500 mg/L; sodium acetate buffer 0.02 M; pH 4.0;
reaction time, 1 h
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The enzyme loading reflects the amount of enzyme bound to the beads relative to the
total enzyme used. The enzyme leakage could be explained by the gelling model of
Mikkelsen and Elgsaeter [38]; when the alginate solution is dropped into the calcium bath,
the difference of electrochemical potential between the two solutions is higher at higher
calcium concentrations. The resulting gel is more homogenous than the one made with
lower calcium content [38]. If the enzyme presents some affinity for alginate, especially
ionic interactions between the carboxyl groups of the alginate and some lysine or arginine
residues of the naringinase, the enzyme distribution will follow the alginate distribution. In
agreement, with Mikkelsen and Elgsaeter [38], the lower calcium chloride and enzyme
characteristics possibly contribute to a more heterogeneous gel, and the enzyme distribution
follows the alginate distribution. If the alginate is heterogeneously dispersed, when the
polymerization takes place, more enzymes are in contact with the interface and are easier to
diffuse out of the PVA—alginate spheres. Also, more enzyme molecules at the surface of the
bead could be desorbed into the extrusion solution.

Reusability is one of the most important of several aspects of biocatalyst immobilization
to industrial scale. In order to choose the suitable bead size for the immobilization of
naringinase, previous studies were carried out. The reusability was tested in the PVA—
alginate beads which demonstrate higher activity [1 and 2 mm PVA (10%) alginate (1%)].
The 1-mm beads have higher residual activity than using 2-mm beads (Fig. 9). However, by
analyzing the reusability of each set of beads, it is evident that the 2-mm beads are the best
choice; in fact, the second reuse of the 2-mm beads leads to a residual activity of 83%,
while the beads of 1 mm correspond to a residual activity of 74%.

Effect of Different Concentrations of Enzyme on Activity

The effect of different concentrations of naringinase used in free and immobilized form was
tested in naringin hydrolysis. Preliminary trials with immobilized enzyme were performed
with beads containing 500 mg L™" of enzyme relative to the reaction medium, but, due to
enzyme loss and low activity profiles, different enzyme concentrations were tested. Figure 10
shows the rate of reducing sugar formation (mM h™"). The degree of naringin hydrolysis was
linearly proportional to the enzyme concentration up to 2,000 mg L™'. These results were
similar to that reported by Sekeroglu et al. [39] for the same enzyme but using different
immobilization method, although, in Pedro et al. [40] and Ribeiro et al. [41], linear
proportionality was attained for enzyme concentrations below 500 mg L' with naringinase
immobilized, respectively, on calcium alginate (2%) and K-carrageenan (2%) beads.

Fig. 10 Effect of enzyme concen-
tration on hydrolysis degree of
naringin by free and immobilized
naringinase. Free enzyme (empty
circles); immobilized enzyme
(filled circles). Reaction condi-
tions: initial naringin concentra-
tion, 500 mg/L; temperature,

30 °C; sodium acetate buffer
0.02 M, pH 4.0; reaction

time, 1 h
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The naringinase concentration used in further experiments was 2,000 mg L' relative to
the reaction media for both free and immobilized enzyme.

Effect of pH on the Activity of Free and Immobilized Naringinase

The effect of pH on the activity of free and immobilized naringinase for the naringin
hydrolysis was examined from pH 3.0 to 6.0. The activities obtained are presented in
Fig. 11. The maximum activity was observed at optimum pH around 4 for both free and
immobilized naringinase. The pH profile of the immobilized enzyme reveals a broader
profile of enzyme activity, which is suggestive of a protective role played by the beads,
more noticeable at extreme pH values tested. The lower activity of the immobilized
naringinase may be attributed to alteration of enzyme structure during entrapment into the
acid boric solution or to diffusion limitations.

Similar observations has been frequently reported in the literature [5], namely in the
work of Sekeroglu et al. [39], with naringinase from P. decumbens, and of Busto et al. [42],
with naringinase from Aspergillus niger for free and immobilized forms, in PVA cryogel.
Also, optimum pH values of 4.5 for naringinase from A. niger [43] and from P. decumbens
[44] were referred. Lower pH values were reported for immobilized naringinase from P.
decumbens, like 3.5 on Celite by the adsorption/cross-link with glutaraldehyde [45] and on
activated seeds of Ocimum basilicum with covalent binding method [46]. Tsen et al. [47]
referred an optimum pH value of 3.7 from Penicillium sp. with naringinase immobilized in
cellulose triacetate fiber by the entrapment method.

Effect of Temperature on the Activity of Free and Immobilized Naringinase

The use of enzymes in bioprocesses often encounters the problem of its thermal
inactivation. Under high temperature, enzymes may undergo partial unfolding by heat-
induced destruction of noncovalent interactions [21].

The temperature dependence of the free and immobilized naringinase activity was
studied in the temperature range 30-90 °C. The results obtained are depicted in Fig. 12.
Optimum catalytic activity was observed at 70 °C, for both free and immobilized
naringinase; however, the immobilized enzyme had a lower activity than the free one. This
may be due to decreased affinity of the enzyme for the substrate caused by internal
diffusion restriction of the immobilized naringinase. The immobilized naringinase exhibited
a broader profile at the optimum temperature, showing a better thermal stability, whereas
the free enzyme was less stable towards heat [48]. The polymer network is supposed to
preserve the tertiary structure of the enzyme. It has been suggested that enzyme

Fig. 11 Effect of pH on degree 7 -
of hydrolysis of naringin by free OFree
and immobilized naringinase. 61 ® Immobilized
Free enzyme (empty circles), < 5
immobilized enzyme (filled =
circles). Reaction conditions: E 41
2,000 mg enzyme per liter; E‘ 3
initial naringin concentration, £
500 mg/L; temperature, 30 °C; < 2
sodium acetate buffer; reaction 1
time, 1 h
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2 3 4 5 6 7
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immobilized in the matrix with multiple-point attachment or with higher hydrophobicity
exhibits greater thermal stability [48]. This statement is highlighted by data presented in
Fig. 12, where residual activity tends to increase with the concomitant temperature increase,
until 70 °C.

Similar observations were also reported by Tsen et al. [45], using Penicillium sp.
naringinase.

The optimum temperature values reported from previous studies, for free naringinase,
from P. decumbens showed values of 55 °C [45], 70 °C [43, 44], and 60 °C [45] from
A. niger naringinase.

In previous studies on the immobilization of naringinase from P. decumbens, an
optimum temperature of 60 °C was reported, with entrapment in gelatin open-pore matrix
and in calcium alginate beads [45], with adsorption/covalent binding method with
glutaraldehyde in Celite [44] and with covalent binding in hen egg white [45]. When
naringinase from Penicillium sp. was entrapped in cellulose triacetate fiber [46], an
optimum temperature of 55 °C was reported. An optimum temperature of 65 °C was
reported for naringinase immobilized in activated seeds of O. basilicum [47], while 70 °C
was referred for naringinase from A. niger immobilized in PVA cryogel with freeze and
thawing method [42].

An almost identical behavior was observed by Dave and Madamwar [21] for both free
and immobilized lipase at different temperatures. However, at higher temperatures, the
activity of the free enzyme actually decays more noticeably when compared to immobilized
enzyme.

Upon immobilization and operating at 70 °C and pH 4.0, the immobilized enzyme
displayed activity retention of roughly 80% as compared to the free form. At standard
reaction conditions of 30 °C and pH 4.0, the activity retention was 65%. When naringinase
was used for immobilization in Ca-alginate beads under 0.1 and 160 MPa, a residual
activity of 35% and 70%, respectively, was obtained [39]. A residual activity of 57% was
referred at optimum conditions of 65 °C and pH 3.5, with naringinase immobilized on
activated seeds of O. basilicum [47]. Using the absorption/covalent binding method with
glutaraldehyde in Celite, the best result for activity retention upon immobilization was 83%
at pH 3.5 and 60 °C [44]. Activity retention of 30-40% upon immobilization of naringinase
from Penicillium sp. by entrapment in cellulose triacetate fiber was reported at optimum
reaction conditions (55 °C, pH 3.7) [43].

Fig. 12 Effect of temperature on 12 .
degree of hydrolysis of naringin e Immobilized
by _free_ and immobilized 10 o iree
naringinase. Free enzyme (empty
circles); immobilized enzyme e
(filled circles). Reaction condi- £ 84
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initial naringin concentration, > 6.
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Kinetic Parameters

The kinetic parameters, Michaelis constant (K,,,) and maximum reaction rate (V) for free
and immobilized naringinase in PVA-alginate beads, were determined by varying the
concentration of naringin in the reaction medium (acetate buffer 0.02 M pH 4.0 at 30 °C).

The initial hydrolytic reaction rates of naringin were evaluated based on the results
shown in Fig. 13.

Assuming that the hydrolytic reaction of naringin by the encapsulated naringinase
obeyed Michaelis—Menten model, the kinetic parameters were evaluated. The apparent
Michaelis constant (Kygpp) and the maximum velocity (Vpmaxapp) Were calculated by the
linear regression of Lineweaver—Burk plot for free and immobilized naringinase, with a
determination coefficient of 0.99, as shown in Fig. 14.

The apparent Ky, value (0.35 mM) for the immobilized naringinase was higher than for
free enzyme (0.23 mM). This may be caused by mass transfer resistances, typical of
immobilized systems, where the access of substrate to the enzyme entrapped in the matrix is
hindered. On other hand, the Viaxapp Of the free enzyme (0.13 mM min ") was found to be
greater than that of the immobilized enzyme (0.08 mM min'). As discussed in other works
[5, 49], the Viaxapp values follow the opposite trend of Kyqpp, suggesting that the residual
activity of the immobilized enzyme decreased in the course of entrapment.

The Kyjapp value of 0.35 mM for the immobilized enzyme was similar to those reported
in previous studies with other supports (K-carrageenan beads [41] 0.31 mM and Ca—
alginate [39] 0.30 mM). However, the Ky,p, value of 0.233 mM at 30 °C for free enzyme
was lower than the 0.55 mM value reported by Vila-Real et al. [3], at 40 °C. As stated
above, the reaction temperature also affects the kinetic parameters.

The Viaxapp (0.08 mM min ') of hydrolytic reaction with naringinase immobilized on
PVA was higher when compared to the Viyaxapp of 0.046 mM min~! obtained with
naringinase immobilized in K-carrageenan and of 0.063 mM min ' for free enzyme,
reported by Ribeiro et al. [41] and Vila-Real et al. [3], respectively.

Operational and Storage Stability

The operational and storage stabilities of an immobilized enzyme without appreciable loss
of enzyme activity are important for the economic viability of a biosynthetic process [50].
The operational stability of enzymes is one of the most important factors affecting the
success of the applications of an immobilized system.

The production of an immobilized form of a biocatalyst is typically performed in a
batchrun, where large amounts result. These are to be stored under suitable condition for

Fig. 13 Effect of the substrate
concentration on the hydrolytic
rate of naringin by free
naringinase (empty circles) and
immobilized naringinase ( filled
circles). Reaction conditions:
2,000 mg enzyme per liter;
sodium acetate buffer 0.02 M;
pH 4.0; temperature, 30 °C;
reaction time, 1 h 1

Activity (mM/h)
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use when required. It is therefore a key issue, particularly if large-scale application is
envisaged, to ensure that the decay of catalytic activity of the immobilized biocatalyst is as
reduced as possible. Since such decay is nevertheless inevitable, it is considered to be of
relevance to have a sound estimate of the rate of such decay, irrespective of thepattern of
storage decay of the free enzyme.

In this bioconversion, naringin PVA—alginate beads were allowed to proceed for nine
runs performed over a 4-day period.

The residual activity of the immobilized naringinase retained over 70% of its initial
activity after eight runs (Fig. 15). Since no significant protein levels were detected in the
bioconversion medium once the reaction stopped, the decay may be due to loss of bound
enzyme because of weak interaction during the first run, mainly during washing procedures.

Data on operational stability from previous reported studies involving PVA cryogel
immobilization of naringinase from A. niger for naringin hydrolysis showed that only 36%
of the initial activity was retained after six reuses, with runs of 24 h at 20 °C [42].

Entrapment methods retained an activity of 60% after four and of 40% after five
consecutive reuses were reported for naringinase entrapped in Ca-alginate [39] and in K-
carrageenan beads [41], respectively. Sekeroglu et al. [40], using a mixed method of

Fig. 15 Repetitive use of 120 -
immobilized naringinase in PVA—
alginate beads. Reaction condi-
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adsorption/cross-linking with glutaraldehyde, reported an activity decay of roughly 40%
after three repeated runs; no further activity decay was observed for two more runs.

In general, if an enzyme is in solution, it is not stable during storage, and the activity is
gradually reduced [22]. Thus, storage stability of an enzyme is of significant importance for
scheduling its application in a particular reaction.

The immobilized and free enzymes were stored in acetate buffer for 6 weeks at 4 °C.
The residual activity of the enzyme was determined as a function of time (Fig. 16). One of
the most important aims of the enzyme engineering is to enhance the conformational
stability of enzymes [21].

Figure 16 shows that, in the first week, an increase in residual activity was noticed and
could be attributed to enhanced stabilization of the matrix during storage at 4 °C, creating a
better microenvironment for enzyme activity. After 6 weeks, at 4 °C, a naringinase residual
activity of 90% remains constant.

Conclusions

The application of micromethodology in the immobilization and analytical procedures
proved to be a very efficient and low-cost technique when compared to the standard
macromethod. Especially designed microplates, developed for DNS micromethod, were
effectively used allowing for parallel assays of a large quantity of samples.

The degree of hydrolysis of naringin correlated linearly with the enzyme concentration
up to 2,000 mg L' of enzyme. The pH and temperature activity profiles of the enzyme
towards naringin were not significantly altered upon immobilization; the optimum pH (4.0)
and temperature (70 °C) remain unaltered.

The higher naringin residual activity was of 80%, obtained at nearly optimum
conditions of 70 °C and pH 4.0 for PVA-alginate-immobilized naringinase. At standard
conditions of 30 °C and pH 4.0, immobilized naringinase displayed a maximum residual
activity of 65%.

A residual activity of 70% remains after eight reutilizations of naringinase in PVA
(10%)—alginate (1%) beads. The storage stability, after 6 weeks, of the PVA (10%)-alginate
(1%) beads remains constant, corresponding to 90% of residual activity.

Fig. 16 Storage stability of 120 - -
immobilized PVA-alginate Immobilized
beads (filled circles) and free z/-’—\;g\
naringinase (empty circles), at 100+ \I\
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In contrast to biopolymers, PVA hydrogels are hardly biodegradable and show an
excellent mechanical stability with a large elongation at break, and even in long-time
reactions no significant abrasion could be observed [11]. In addition, the PVA-alginate
support matrices developed evidenced physical stability at high temperatures (>50 and
<80 °C). This increases the potential of the immobilized naringinase application as a
practical catalyst on an industrial scale because higher temperatures reduce the viscosity of
the reaction medium, minimize the mechanical energy in agitation, reduce the risk of
contamination, and improve naringin solubility.

In conclusion, these very promising results achieved with immobilized naringinase on PVA—
alginate beads are illustrative of the potential of this strategy for biocatalyst immobilization.
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