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Abstract

Second generation ethanol is produced from the degradation of lignocellu-
losic biomass using enzymes as catalysts, with emphasis on xylanases. These
biocatalysts are often costly, but stable at high temperatures, and their reuse is
of great value, so the immobilization of the enzymes can increase their appli-
cability on an industrial scale. We sought to immobilize a cocktail rich in xy-
lanase produced by the fungus Fusarium sp. EA 1.3.1 in alginate spheres, op-
timize the immobilization method, characterize the immobilized derivatives,
improve their physical-chemical characteristics, and perform the hydrolysis
of sugarcane bagasse to release sugars. The Fusarium sp. EA 1.3.1 has been
identified and used for cocktail rich in xylanase production that was immobi-
lized in alginate spheres. During this process, the drip equipment, and the
concentration of the solutions of sodium alginate and calcium chloride were
evaluated. The best results were obtained with the glass rod and with concen-
trations of 3.14% and 2.10% for the solutions, respectively. The apparent op-
timum conditions of pH and temperature reaction were studied, and the val-
ues of pH 6.5 and 60°C were obtained. The immobilized conjugate also pre-
sented greater stability at this temperature than that of the soluble cocktail.
The conjugate could be recycled up to six times, and its activity was main-
tained after 75 days of storage. Finally, the hydrolysis in natural sugarcane
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bagasse was achieved, and greater amounts of reducing sugars were obtained
in the reaction with the conjugate. Thus, the cocktail rich in xylanase pro-
duced by the fungus Fusarium sp. EA1.3.1 was successfully immobilized on
alginate spheres and possesses the potential to be used as a catalyst in indus-
trial processes such as the lignocellulosic ethanol industry.

Keywords

Xylanase Cocktail, Spheres Immobilization, Lignocellulolytic Enzymes,
Biomass Hydrolysis

1. Introduction

Fossil fuels are an exhaustible source of energy, its massive exploitation and con-
sequent depletion of available natural reserves cause a negative impact on the
environment preservation [1]. An attempt to reduce this impact is the use of al-
ternative sources of energy. Biofuels stand out for being environmentally favora-
ble and highly energy efficient, competing with or serving as additives for fossil
fuels [2]. In Brazil, for example, a mixture of 27% ethanol in gasoline has been
mandatory since 1993 [3].

The continued growth of the population, as well as the “food versus fuel” de-
bate, has directed research towards production of biofuels from raw material
that is not used for food purposes [4] [5]. Thus, lignocellulosic biomass, which is
one of the most carbon-neutral resources and recyclable, has been used to pro-
duce renewable energy and, therefore, bioethanol. Research has been performed
to enable the commercial production of second generation ethanol (2G) or cel-
lulosic ethanol from industrial waste, such as sugarcane bagasse, [6] [7].

The rich polymeric composition of sugars in lignocellulosic biomass is the fac-
tor that contributes to its high potential in bioenergy conversion, which is a
complex structure composed mainly of three fractions with a high energy con-
tent called cellulose (40% to 45%), hemicellulose (30% to 35%) and lignin (20%
to 30%). However, this structural complexity also causes difficulties for its hy-
drolysis [6]. Enzyme-based hydrolysis is an eco-friendly procedure for produc-
ing small sugars that can be converted in biofuels [7] [8], such as the use of xy-
lanases to break down xylans, the main constituent of hemicellulose, into xylose,
which can be converted to ethanol by yeasts specialized in the fermentation of 5
carbon sugars. This is a major challenge for the economic viability of the second
generation process, because of the high cost of enzymes production [9] [10].

Conventional production of bioethanol is generally accomplished using sys-
tems of free enzymes. To improve the efficiency of this process, enzyme immo-
bilization has been proposed to ensure the stability of enzymes, providing im-
provements in this industrial process. In addition, the possibility of recovery and
reuse makes the application of this technique economically viable [11] [12].

Other advantages of immobilized enzymes are high resistance to changes in
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the reaction environment, high thermal and pH stability, easier separation of the
catalyst and reaction product, increased productivity and ethanol yield, increased
tolerance to a high concentration of substrate, less inhibition by final products,
increased specificity, and greater storage stability than those of the soluble en-
zyme. Furthermore, the enzyme is not directly exposed to an external agent that
can cause denaturation and inhibition [13]-[18]. One of the most accessible,
rapid, non-toxic, immobilization supports, with good mechanical resistance and
less expensive procedures, is sodium alginate. It is immobilized by encapsulating
the enzyme in the presence of calcium chloride [19] [20] [21].

Based on this information, this research aimed to immobilize an enzyme cock-
tail rich in xylanase produced by the filamentous fungus Fusarium sp. EA 1.3.1
in alginate spheres, standardize the immobilization method, biochemically cha-
racterize the immobilized derivatives, and verify the efficiency of the derivative
for the hydrolysis of in natural sugarcane bagasse. The consequence is the release
of sugars susceptible to alcoholic fermentation for use in the cellulosic ethanol

industry.

2. Material and Methods

The tests were conducted at the Laboratory of Mycology, Enzymology and Prod-
uct Development (LMEDP), Institute of Science and Technology (ICT), Federal
University of the Jequitinhonha and Mucuri Vales (UFV]M), Diamantina, Minas
Gerais, Brazil. The microorganism was registered in the National System for the
Management of Genetic Heritage and Associated Traditional Knowledge (Sis-
Gen), number A64AD93.

2.1. Maintenance of the Filamentous Fungus Fusarium sp. EA 1.3.1

The filamentous fungus Fusarium sp. EA 1.3.1 was kept in tubes containing 4%
(w/v) Quaker® oat solid medium and 2% (w/v) Bacteriological Agar [22], at 4°C.
The fungus strain was kept on silica gel, where a spore suspension was prepared
in 3 mL of powdered milk (200 g-L™" of distilled water). Approximately 1 mL of
this suspension was added to test tubes containing 7 g of silica gel, stirred,
sealed, and stored at 4°C.

2.2. Inoculum

The cultures of the fungus stored in tubes containing solid medium [22] were
suspended in 8 mL of sterile distilled water, and a 1 mL aliquot of the spore sus-
pension (2.5 x 107 conidia mL™") was inoculated in 125 mL Erlenmeyer flasks
containing 25 mL of modified Khanna medium (1.00 g of wheat bran; 0.10 g of
yeast extract; 0.03 g of KH,PO,; 0.05 g of Mg-SO,-7H,0 and distilled water to 100
mL), with an initial pH of 8.5. The samples were kept in a bacteriological incu-
bator under static conditions at 30°C for four days [23] [24]. The crude soluble
enzyme extract was obtained by filtering through a Biichner funnel with the aid

of a Prismatec® vacuum pump and stored at 4°C for later immobilization.

DOI: 10.4236/abb.2021.1212028

438 Advances in Bioscience and Biotechnology


https://doi.org/10.4236/abb.2021.1212028

A. G. Miranda et al.

2.3. Determination of Xylanolytic Activity by the Saccharification
Method

The activity was determined by measuring the amount of reducing sugars formed
by the enzymatic hydrolysis of the Sigma® beechwood xylan used as a substrate
[25]. The enzyme immobilized on alginate spheres was incubated with 1000 uL
of beechwood xylan at a concentration of 1% (m/v) in 100 mM sodium phos-
phate buffer, pH 6.5, in a water bath at 60°C for 5 minutes. After this time, 200
pL aliquots were removed and added to 200 pL of DNS reagent. Immediately af-
ter the addition of the immobilized enzyme extract with the substrate, an aliquot
of the mixture was removed and added to 200 pL of the DNS reagent. This sam-
ple represented zero time. Subsequently, the tubes were boiled for 5 minutes,
and, after cooling, 2 mL of distilled water was added. The readings were per-
formed at 540 nm in a RayLeigh UV-2601® spectrophotometer, against the ze-
ro-reaction time, in which spontaneous hydrolysis of the substrate was minimal.
The system was standardized using a xylose standard curve of 0.1 to 0.6 mg/mL.
The unit of enzymatic activity corresponded to the number of micromoles of re-
ducing sugar that was formed per minute under the test conditions, the activity
was expressed in mU.

Amylolytic and celulolytic activity were also determined by the same method,
using 1% (w/v) starch substrate in 100 mM sodium acetate buffer, pH 5.0 to the
amylase, 2% (m/v) CMC substrate in 100 mM sodium citrate buffer pH 4.8, and 1%
(m/v) Avicel em 100 mM 100 mM sodium citrate buffer pH 4.8 to the cellulases.

2.4. Immobilization of the Cocktail Rich in Xylanase in Alginate
Spheres

2.4.1. Process of Formation of Alginate Spheres in Calcium Chloride
Solution

The 10 mL solution containing 3% (m/v) Isofar® sodium alginate (NaAlg) and
crude soluble enzyme extract was dripped into 20 mL of a 4% (m/v) aqueous so-
lution of calcium chloride with mechanical stirring. After the formation of the
immobilized spheres containing the xylanolytic cocktail, the beads were sepa-
rated from the calcium chloride solution, washed using 10 mM sodium phos-
phate buffer, pH 6.5, and stored at 4°C.

2.4.2. Testing the Drip Instrument for the Formation of Immobilized
Spheres

Different instruments for dripping and bead formation were tested, these being a
graduated volumetric pipette (10 mL), Pasteur plastic pipette, a thick glass rod
(1.0 cm in diameter) and a thin glass rod (0.5 cm in diameter). The spheres were

formed according to method 2.4.1 and subjected to activity dosage of xylanase.

2.4.3. Determination of the Effect of the Concentration of Sodium
Alginate and Calcium Chloride on the Immobilization Process
through Factorial Planning

The influence of the concentrations of sodium alginate and calcium chloride on
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the formation of the immobilization spheres was analyzed by means of an expe-
rimental design through a Central Rotational Composite Design with two inde-
pendent variables (DCCR?), X: concentration of alginate of sodium, and X;: cal-
cium chloride concentration, totaling 11 tests, 3 central points and 4 tests distri-
buted rotationally (axial points) at a distance a from the central point. The or-
thogonal a value was 1.41 [26] [27]. The variables were used at their upper (+1)
and lower (—1) levels, with central points of X; [Alg] = 2.5% and X, [Cl] = 5.0%.
The results obtained for the activities were analyzed with the Protimiza Experi-

mental Design® software (Table 1).

2.5. Effect of pH and Temperature on Enzyme Activity

The immobilized xylanolytic cocktail was characterized biochemically using ex-
perimental planning through a Central Rotational Composite Design with two
independent variables (DCCR?), these being X; = pH and X, = temperature (°C)
of the reaction medium, totaling 11 tests, 3 central points and 4 tests rotationally
distributed (axial points) at a distance a from the central point. The central pH
values were 6.5, with an interval of 1.5, and a temperature of 60°C, with intervals
0of 20°C (Table 2).

2.6. Temperature Stability

The temperature stability was evaluated by incubating them for 1, 5, 7, 14 and 24
hours in the absence of substrate at 50°C, 60°C and 70°C. The samples were re-
moved, placed in an ice bath, and the determination of the enzymatic activity of

each sample under ideal conditions of pH and temperature was performed.

Table 1. Experimental design with the value of solutions concentration.

X, = alginate of sodium X, = calcium chloride

Designer X % concentration (%) concentration (%)
1 1 -1 1.50 3.00
2 1 -1 3.50 3.00
3 1 1 1.50 7.00
4 1 1 3.50 7.00
5 -141 0 1.09 >.00
6 +1.41 0 3.91 5.00
7 0 -1.41 2.50 2.17
8 0 +1.41 2.50 7.83
9 0 0 2.50 5.00
10 0 0 2.50 5.00
1 0 0 2.50 5.00
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Table 2. Experimental design with the value of pH and temperature.

Designer X, X, X, =pH X, =T (C)
1 -1 -1 5.0 40
2 1 -1 8.0 40
3 -1 1 5.0 80
4 1 1 8.0 80
5 -1.41 0 4.4 60
6 +1.41 0 8.6 60
7 0 -1.41 6.5 32
8 0 +1.41 6.5 88
9 0 0 6.5 60
10 0 0 6.5 60
11 0 0 6.5 60

2.7. Analysis of the Effect of Glucose and Xylose on the Activity of
the Immobilized Cocktail Rich in Xylanase

The activation or inhibition of the activity in the presence of different concen-
trations of 5 and 10 mM of D-xylose Sigma-Aldrich® and D-glucose Isofar®
during the reaction with the beechwood xylan as substrate. The control was the

reaction in the absence of xylose or glucose.

2.8. Recycling Test of the Xylanase Rich Cocktail Immobilized on
Alginate Spheres

The number of times the alginate spheres with the immobilized cocktail could be
reused in the enzymatic reaction was determined. After the reaction, the beads
were filtered, washed using 10 mM sodium phosphate buffer, pH 6.5, and incu-
bated in the same solution for one minute, followed by a new measurement of
xylanolytic activity.

2.9. Analysis of Xylanolytic Activity after Storage at 4°C

To verify the stability of the free and immobilized forms of the enzyme, both
were stored for up to 75 days at 4°C, and the activity was measured.

2.10. Hydrolysis of Raw Sugarcane Bagasse

The hydrolysis of the sugarcane bagasse was achieved by stirring the samples in a
125 mL Erlenmeyer flask at 60°C for 24 hours using: 1) soluble enzyme, and 2)
enzyme immobilized in alginate. The first sample contained 0.2 g of raw sugar-
cane bagasse together with 10 mL of 100 mM sodium acetate buffer solution, pH
5.5, and 10 mL of soluble crude enzyme extract. The second reaction contained
0.2 g of sugarcane bagasse, 20 mL of 100 mM sodium phosphate buffer solution,
pH 6.5, plus 80 spheres of alginate with the immobilized xylanase rich cocktail.
After the enzymatic hydrolysis of the sugarcane bagasse, the solid portion was

filtered using a vacuum pump, dried and taken to the Scanning Electron Micro-
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scope (SEM). The particle morphology of the samples was evaluated using a
HITACHI TM3000 SEM (Japan) operated at 15 kV. The samples were attached

to a double-sided tape over a stub with a diameter of 2 cm and a height of 1 cm.

3. Results and Discussions

3.1. Determination of the Drip Instrument for the Formation of
Immobilized Spheres Containing the Cocktail Rich in
Xylanase

The use of the thick glass rod, 1.0 cm in diameter, was the best method for drip-
ping the solution containing the xylanolytic cocktail and sodium alginate to
form the spheres, a factor determined by the higher yields of the conjugate’s xy-
lanolytic activity, corresponding to 52.3% of the soluble enzyme activity. The
second most efficient method involved the use of the Pasteur plastic pipette,
which yielded an activity equivalent to 8.8% that of the soluble enzyme. The ac-
tivity obtained using the graduated glass pipette was 4.53% that of the soluble
enzyme. The thin glass rod was not verified with the immobilized derivative. In
addition, the spheres formed using the thick glass rod were more uniform and
more spherical than those obtained with other equipments (Figure 1).

The production of spherical calcium alginate particles appears to be simple
from a theoretical point of view, but, in practice, it is a complex process. For the
spheres to be standardized in terms of size, shape, surface morphology and me-
chanical stability, several factors that interfere with their formation must be
analyzed. We can mention the equipment used for the drip, the height and speed
of the dripping, the formulation, preparation and concentration of the alginate
and gelation solutions, production conditions and post-production treatment
[23] [24].

The extrusion drip is the most widely applied and the simplest method for the
formation of calcium alginate spheres in liquid air systems [26] [27] [28]. With-
out contradicting the author’s idea that extrusion would be the most widely ap-
plied method, in this study we opted to test even simpler equipment, such as the
thick glass rod, the thin glass rod, the Pasteur pipette and the graduated glass
pipette. These would not be suitable for large-scale production of course, but for
the purpose of laboratory studies, the result in the formation of spheres was sa-
tisfactory. In addition, no investment in the acquisition of materials or equip-

ment was necessary.

Figure 1. Immobilized spheres formed with drip instruments. (A) Thick glass rod, (B)
graduated glass pipette, (C) Pasteur plastic pipette, (D) thin glass rod.
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3.2. Analysis of the Concentration of Sodium Alginate and
Calcium Chloride in the Immobilization of the Cocktail
Rich in Xylanase

By varying the concentration of the sodium alginate solution containing the crude
soluble xylanolytic extract and the aqueous calcium chloride solution, an activity
of 222 mU was obtained (Table 1), with NaAlg 2.50% and CaCl, 2.17%. On the
other hand, the lowest activity, 58 mU, was obtained for the concentrations of
NaAlg and CaCl, of 1.50% and 7.00%, respectively.

A statistical analysis of the catalytic behavior of the immobilized xylanase-rich
cocktail was performed. The parameters of significance and non-significance, as
well as the levels of significance are shown in Table 3.

The experimental results were evaluated through a regression analysis ex-
pressed in Equation (1), which evaluates the xylanolytic activity (U/mL) as a
function of the concentration of sodium alginate (x;), and calcium chloride (x;).
The significance and non-significance parameters, as well as the significance lev-
el values are shown in Table 3. The elimination of non-significant parameters
with a p-value greater than 0.05 is an interesting alternative to simplify the mod-
el because they present little or no influence on the final adjustment result. Thus,
when analyzing the result expressed in Table 3 and in the Pareto graph, the
coded values of X7, e X —X, were removed from the model, and it was recal-
culated mathematically within the region evaluated by the Central Composite

Planning.

Y, =149.47 + 24.31x, —18.25x? — 46.93x, (1)

The F-value calculated for the quadratic regression model was 65.3, that is,
greater than the tabulated F3.7 value (4.35) (F,. > F,,) in the 95% confidence
interval. Degrees of freedom of regression and residuals were removed from
ANOVA, and the model was considered statistically significant according to the
F test. In addition, the model presented a good determination coefficient, with
R’ nearly 0.98%, which represents a proximity between experimental results and

predicted theoretical values.

Table 3. Regression coefficient for the activity response of xylanolytic conjugates.

Coefficient Standard Error T calculated p-value

Name
Before After Before After  Before  After Before After

Average 142.16 149.47 5.64 4.69 25.20 31.88 0.0000 0.0000

X 24.31 24.31 3.46 3.95 7.04 6.15  0.0009 0.0005
Xf -15.97 -18.25 4.11 4.49 -3.88 —4.07 0.0116 0.0048
X, —46.93 —46.93 3.46 3.95 -13.58 -11.89 0.0000 0.0000
Xf 7.76 - 4.11 - 1.89 - 0.1177 -

X =X, 3.69 - 4.89 - 0.75 - 0.4844 -

Software Protimiza.
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The response surface of the influence of NaAlg and CaCl, concentrations on
the immobilization process demonstrated that the highest activities were in the
range of 2% to 4% for NaAlg, and the maximum activity value was 3.14%, and
CaCl, the value was 2.10% (Figure 2).

No spheres were formed at very low NaAlg concentrations. Moreover, in oth-
er factorial designs, the solution became very viscous at very high concentrations
of NaAlg, which made dripping difficult. The variation in the concentration of
the NaAlg solution was from 1.00% to 6.00%. The concentration of the CaCl,
solution also interfered in the formation of the spheres, because of the saturation
of the solution when subjected to the formation of many spheres.

According to Lee et al [23], alginate solutions with high viscosities are not
suitable for encapsulation applications because of difficulties in the process of
sphere formation. On the other hand, there is no formation of spherical calcium
alginate particles at lower viscosities because drops are deformed when colliding
with the gelling solution. When the drop enters the gelling solution, the viscous
forces within the drop act to maintain its spherical shape, whereas the drag
forces exerted on the surface of the drop from the surrounding solution tend to
hinder the formation of the granule [29]. Drops of alginate solution with lower
viscosities are less able to retain their spherical properties against the drag forces
after collision with the surface of the calcium chloride bath.

Sukri and Sakinah [30] showed that the effect of the NaAlg concentration on
enzyme activity and immobilization yield at the 0.3 M CaCl, concentration was
at a maximum at the 3.0% NaAlg concentration, and it decreased when the algi-
nate concentration increased to 4.0% and 5.0%, which corroborates the result
found in that study. Values similar to those observed by Kumar et al. [31], whose
optimal concentrations of NaAlg was 3.0% and that of CaCl, was 0.2 M when
immobilizing xylanase produced by Bacillus amyloliquefaciens.

Jampala and collaborators [20] performed a factorial design with several va-
riables, including concentration of sodium alginate and calcium chloride, and
concluded that all the contours of sodium alginate were slightly inclined in rela-
tion to the other variables, indicating that NaAlg has a more significant influ-
ence than the calcium chloride concentration, the curing time, and the size of
the beads. The values found were 2.13% for NaAlg and 2.14% for CaCl,.

The concentration of sodium alginate affects the porosity of the spheres and,
therefore, it affects the immobilization yield [15] [32], NaAlg concentrations
lower than 3% formed more fragile hydrogel spheres, resulting in a lower immo-
bilization yield. A fragile sphere similarly results in less enzyme entrapment in
the porous structure of the beads and a large pore size, which contributes to the
loss of enzyme, especially during the washing of the beads. In contrast, Rajago-
palan and colleagues [33] said that a greater concentration of NaAlg led to the
formation of a denser matrix, so that the trapping of the xylanase-rich cocktail
was more effective. On the other hand, a denser matrix also signifies smaller
pores, which can mean a significant reduction in the diffusion of substrate into

the matrix.
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Figure 2. The response surface of the influence of NaAlg and CaCl,
concentrations on the immobilization process.

The effect of calcium chloride concentration was analyzed by Voo and colla-
borators [34]. According to the authors, the diffusion of alginate polymer was
faster than Ca’ ions at low CaCl, concentration. Thus, the alginate polymer dif-
fuses to the surface of the crosslinking droplet, but with an uneven distribution
of the alginate polymer in the granules. On the other hand, the diffusion of Ca*
ions was faster than that of the alginate polymer at high CaCl, concentration.
Thus, the diffusion of the alginate polymer towards the surface was limited and a
more homogeneous gel structure was formed. Garai and Kumar [35] observed a
maximum xylanase activity at a 3.00% alginate concentration, and the activity
did not change significantly when the chloride concentration was reduced to
2.00%.

Kumar and colleagues [36] studied different concentrations (0.05 - 0.5 M) of
CaCl, for the immobilization of purified xylanase produced by Bacillus amyloli-
quefaciens SK-3 and showed that 0.2 M CaCl, yielded the maximum immobili-
zation. The authors stated that further increase of the CaCl, concentration led to
a decrease in the immobilization yield. Segale and collaborators [26] also ob-
served that the size of the spheres decreased with increasing CaCl, concentra-

tion.

3.3. Effect of Temperature and pH on the Derivative Activity
Immobilized in Alginate Spheres

A Central Rotational Composite Design (DCCR?) was used to determine the ef-
fect of the independent variable’s pH and temperature on the activity of the xy-

lanase rich enzyme cocktail immobilized on alginate spheres. Higher values of
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enzymatic activity were observed in the experiments at the central points (pH =
6.5 and T = 60°C), and the lower activity of the immobilized derivative was ob-
served in experiment 4, at pH 8.0 and a temperature of 80°C (Figure 3).

Both dependent variables influenced the activity in its quadratic form, and the
mathematical model that best represented the behavior of the enzyme activity as
a function of temperature and pH, within the region evaluated by the Central
Compound Planning, is expressed in Equation (2) according to regression values
and Pareto graphs. By ANOVA analysis of variance, the F-value = 14.9 was high-
er than the tabled value (4.46), indicating that the model was statistically signifi-

cant.

Y, = 203.26 —56.22x% —102.39x’ )

There is a temperature limit for each enzyme and above which protein dena-
turation by heat is gradually observed. The temperature at which activity levels
are maximum is often referred to as the optimum temperature [37].

Bibi and colaborators [15] observed that the ideal temperature for maximum
catalysis of free and immobilized endo-$-1,4-xylanase in alginate spheres did not
vary; its value was 50°C. Optimum temperatures of 40°C and 45°C were record-
ed by Pal and Khanum [19] for the xylanase produced by Aspergillus niger DER-5,
both soluble and covalently immobilized in alginate with glutaraldehyde, respec-
tively. The increase in the ideal temperature might be the result of improvements
in enzymatic rigidity after immobilization by covalent bonding. This behavior
has also been observed in other studies, but the extent of displacement varied
from matrix to matrix and with the type of interaction between the enzyme and
the matrix [38] [39].

225
200
175
150
125

100

Activity (Y1, mU)

75

50

25

Figure 3. The response surface of the influence of pH and tempera-
ture on the derivative activity immobilized in alginate spheres.
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Studies with filamentous fungi have described optimal temperatures for xyla-
nolytic activity near 40°C and 60°C [40]. Some commercial xylanases, such as
Sumizyme, Multifect XL, Pulpzyme and Cartazyme, also produced by fungi,
present an excellent activity in this temperature range [37]. Comparing the result
obtained in this study, the temperature of 60°C is in the upper range of the val-
ues obtained from the literature for commercial enzymes.

Pal and Khanum [19] found that the optimal pH values of free and immobi-
lized xylanases in alginate spheres activated with glutaraldehyde were 5.0 and
5.5, respectively. This change in the optimum pH of 0.5 pH units for the immo-
bilized enzyme might be the result of the change in support environment, which
further influenced the protein-support interaction and activity according to Or-
tega et al. [41]. An effect on the optimum pH of the enzyme because of the inte-
raction of the support material with the charged amino acids of the enzymes was

observed during immobilization.

3.4. The Effect of Temperature on the Stability of Xylanolytic
Enzyme Immobilized on Alginate Spheres

When incubating the soluble and immobilized enzyme extract at 50°C, the so-
luble enzyme retained 80% of its activity during the first hour, 60% until the
third hour, decreasing to 20% of the initial activity near the fifth hour. This ac-
tivity was maintained throughout nearly the whole experiment until 24 h of in-
cubation. The enzyme immobilized in alginate spheres decreased to 60% of the
initial activity during the first hour of incubation, reaching values close to 10%
after seven hours of incubation. This value was maintained during 24 h. In gen-
eral, the soluble and immobilized cocktail rich in xylanase had a relatively simi-
lar behavior at this temperature (Figure 4(A)).

When testing the stability of both systems at 60°C, the residual activity of the
soluble enzyme practically disappeared after five hours of incubation, whereas
the immobilized enzyme retained 70% of the initial activity, presenting a relative
activity value near 40% after 14 hours of incubation and a small drop in 24 hours
(Figure 4(B)).

The enzymes in solution behaved similarly after incubation for 10 hat 70°C.
However, the immobilized enzyme retained about 50% of the activity during the
first five hours. The decrease in the activity of the soluble enzyme was more ac-
centuated, and no significant activity was observed at the end of this period
(Figure 4(C)).

The stability of the enzyme at higher temperatures remains a significant re-
quirement for different industries for them to reuse the catalyst more efficiently.
Enzymatic stability refers to the ability of enzymes to maintain certain spatial
structures for catalysis during operational and storage processes [42].

Comprehensive studies have revealed that the mechanisms that affect enzyme
stability are complicated by multiple interactions, including hydrophobic bonds,

hydrogen bonds, ionic bonds, protein surface charge, disulfide bonds and metal
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Figure 4. The effect of temperature on the stability of xylanolytic en-
zyme immobilized on alginate spheres. (A) 50°C, (B) 60°C, (C) 70°C.
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ions. These interactions result from a combination of the amino acids composi-
tion of enzymes and several other factors. Because the stability of the enzyme is
affected by several factors, there is no uniform rule to guide strategies for its im-
provement [43]. The improved thermal stability can be attributed to the nature
and type of the matrix, which could prevent conformational changes and, in
turn, stabilize the enzyme’s activity at different temperatures [36].

Chen et al [43] observed that xylanase immobilized in chitosan activated with
glutaraldehyde had a greater residual activity than that of the free enzyme at tem-
peratures of 50°C and 55°C. The same result was obtained by Milessi et al. [44]
when they immobilized the recombinant endoxylanase from Bacillus subtillis.

Jampala ef al [20] suggested that the decrease between 50°C and 90°C in the
activity of xylanase immobilized in alginate is probably due to conformational
changes in the enzyme. Surprisingly, the authors were able to maintain 75% of
the activity at extreme temperatures, suggesting that xylanase was highly active
and stable in the alginate matrix, when compared with other matrices tested.

Kumar et al [36] observed a gradual decline in the relative activity at high
temperature of xylanase produced from Bacillus amyloliquefaciens SK-3 both in
its soluble form and immobilized in alginate spheres. However, it was observed
that immobilized xylanase was able to withstand a wide range of temperatures
for a relatively longer period than the free enzyme. According to the author, the
increased temperature stability of the immobilized enzyme might be the result of
an improvement in the rigidity of the enzyme after immobilization by covalent
bonding.

The thermal stability of free and immobilized endo-$-1,4-xylanase from Geo-
bacillus stearothermophilus KIBGE-IB29 was investigated. The free enzyme was
more stable at 40°C, whereas better results were observed for the immobilized
conjugate at 50°C and 60°C. At temperatures of 70°C and 80°C, the activities of

both forms were lost [15].

3.5. The Effect of Glucose and Xylose on the Activity of the
Cocktail Rich in Xylanase Immobilized on Alginate Spheres

For the concentration of 5 mM of xylose the activity of the immobilized cocktail
rich in xylanase was activated by 23%, whereas for 0.5 mM glucose, no change in
the activity was observed. In all the other cases, inhibition of the enzymatic ca-
talysis occurred, the most accentuated values being with 10 mM xylose, which
reduced the reference activity by 50%, that is, without the addition of the mono-
saccharides to the enzymatic medium (Figure 5).

In the case of hydrolysis of lignocellulosic material such as xylan and cellulose,
the monomers formed are xyloses and glucoses, which are the targets in this
study. According to Amani ef al. [45], a decrease in the activity of certain en-
zymes in the presence of an easily metabolized substrate is called catabolic re-
pression. The authors reported that the addition of glucose suppressed the activ-
ity of xylanase from Bacillus pumilus. The degree of inhibition depended on the

concentration used in the reaction.
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Figure 5. The effect of glucose and xylose on the activity of the cocktail
rich in xylanase immobilized on alginate spheres.

3.6. Recycling of the Immobilized Cocktail Rich in Xylanase

When the recycled immobilized derivatives were used to hydrolyze xylan, the
activity dropped 40% relative to the initial activity after the first cycle. The activ-
ity fell to 10% after six cycles (Figure 6).

Kumar et al. [36] obtained a 50% retention of activity for immobilized spheres
for up to five cycles; the activity decreased in additional cycles. The loss of activ-
ity of the entrapped enzyme might be due to the leakage of the enzyme from the
calcium alginate spheres because of washing the spheres at the end of each cycle
or to conformational changes resulting from repeated uses [46].

By immobilizing xylanase in a modified superparamagnetic graphene oxide
nanocomposite, 40% residual activity was achieved after eight cycles for the best
system conditions. The author observed a sharp decline in enzyme activity in the
second cycle for all the conditions studied, which could be related to leaching of
the enzyme. Leaching is due to the lack of binding forces between the immobi-
lized components (enzyme and support) caused by repeated use. In addition, the
unceasing encounter of the substrate with the active site of the immobilized en-
zyme causes distortion and leads to loss of activity [47].

Bhushan et al [27] performed a study with xylanases immobilized in alginate
spheres and in alginate spheres activated with glutaraldehyde. They observed
that there was no appreciable loss of activity for up to four cycles, but then the
activity began to decrease up to twelve cycles. Based on the xylanase activity, Ra-
jagopalan et al [33] estimated that more than 65% of the activity of xylanase
immobilized on the spheres leached after three reaction cycles. To reduce leach-
ing of xylanase and improve the rigidity of alginate beads, additives such as silica

gel, chitosan and pectin could be tested.
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Figure 6. Recycling of the immobilized cochtail rich in xylanase.

3.7. Storage Test

When the activities of soluble and immobilized xylanase were determined after
75 days of storage at 4°C, the soluble xylanolytic activity was about 80% of the
initial activity, whereas the activity of the extract immobilized in alginate in-
creased by 50% (Figure 7).

According to Jampala ef al [20], the main reason for the decline in xylanase
actiyity during storage might be due to the conformational variation of the active
xylanase sites. In their study, more than 70% of the residual activity was retained
after ninety days of storage. Thus, the encapsulation of xylanase in the NaAlg
spheres significantly prevented the denaturation of the enzyme and preserved
the activity. Najafabadi et al [47] stored the soluble and immobilized enzymes,
and 35% of the activity for immobilized xylanase and 20% for soluble xylanase

were retained after 90 days.

3.8. Hydrolysis of Sugarcane Bagasse by a Soluble Cocktail Rich in
Xylanase and Immobilized in Alginate Spheres

The hydrolysis of in natural sugarcane bagasse by the xylanase-rich cocktail
immobilized in alginate spheres yielded a greater quantity of reducing sugars. In
addition, the degradation of sugarcane bagasse was more accentuated during the
first eight hours of incubation (Figure 8). After enzymatic hydrolysis, the ba-
gasse that resulted from the reaction catalyzed with the immobilized cocktail had
a lighter color than the bagasse that was in contact with the soluble extract. This
fact suggests a possible application in the pulp and paper industry in the bleach-
ing process.

Finally, the fresh bagasse was microscopically analyzed, treated with the so-
luble cocktail and immobilized in alginate spheres to verify the state of the su-

garcane fibers. The photos from Scanning Electron Microscopy. The sugarcane
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fibers are almost intact in the in natura bagasse (Figure 9(A)), whereas the fibers
from the residue treated with the enzyme extract or with alginate spheres are less
uniform, that is, more extensively degraded (Figure 9(B) and Figure 9(C)). The
xylanolytic cocktail produced by the filamentous fungus Fusarium sp. EA 1.3.1
immobilized in alginate spheres has a potential for hydrolyzing lignocellulosic
material, without pre-treatment, to form sugars that can be fermented to gener-

ate second generation ethanol.
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Figure 7. Determination of soluble and immobilized xylanolytic activity in alginate
spheres after storage at 4°C.
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Figure 8. Hydrolysis of sugarcane bagasse by a soluble cocktail rich in xylanase
and immobilized in alginate spheres.
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Figure 9. Sugar cane bagasse image in Scanning Electron Microscopy. (A) in natura, (B) after hydrolysis
with soluble enzyme, (C) after hydrolysis with immobilized enzyme.

4. Conclusion

The possibility of immobilizing the cocktail rich in xylanase produced by the
fungus Fusarium sp. EA 1.3.1 in alginate spheres in a simple and inexpensive
way, using a thick glass rod, with 3.14% and 2.10% concentrations of sodium al-
ginate and calcium chloride, respectively, was demonstrated. The optimum tem-
perature and pH obtained from a factorial design for the enzymatic reaction of
immobilized xylanase were found to be 65°C and 6.5°C, respectively. It was
shown that xylanase immobilized in alginate spheres was more stable than the
soluble enzyme at 60°C and that xylose and glucose inhibited the enzymatic ac-
tivity of immobilized xylanase in concentrations above 5 mM. The immobilized
spheres could be re-used up to six times, and there was an increase in activity of
the immobilized enzyme after storing for seventy-five days, at 4°C, whereas the
soluble enzyme maintained its initial activity. The fact that the tested enzyme
maintains its stability at temperature and pH close to those used in real industri-
al processes (50°C to 65°C; 5.5 pH to 6.5 pH), in addition to the gain in its reuse,
which does not occur in current processes since the enzymes are free in the solu-
tion, are expressive and advantageous results from an industrial point of view.
When the enzymatic hydrolysis of in natural sugarcane bagasse was performed,
a larger amount of reducing sugars was obtained when the bagasse reacted in the
presence of the immobilized conjugate, indicating possible catalytic gains when
using the proposed immobilization method and its application in the second

generation ethanol manufacturing process.
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