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Abstract

Sugarcane bagasse from agro-industrial residues was autoclaved at 121 °C for 15 min, treated with 2% NaOH and
activated with 2.5% glutaraldehyde for the immobilization of soybean B-glucosidase. Scanning electron microscopy,
energy dispersive X-ray spectroscopy and Fourier transform infrared spectroscopy characterized and confirmed the
immobilization of the B-glucosidase on the sugarcane bagasse. The immobilization efficiency was influenced by the type
of bagasse modification and was 99% at maximum. The optimum immobilization conditions were 1 mg mL™ protein,
pH 7.0, 2.5% glutaraldehyde, 110 rpm and 8 h of incubation at 4 °C. The immobilized system could be reused for 15 cycles
without the complete loss of activity. The thermal stability indicated a residual activity of 15% after 180 min incubation at
70 °C. The conversion efficiency of glucosides to aglycones in commercial soymilk by B-glucosidase immobilized on
sugarcane bagasse was evaluated and the total aglycone content increased by 23.8% after incubation at 50 °C for
120 min.

Keywords: Soybean; B-glucosidase; Sugarcane bagasse; Enzyme immobilization; Isoflavones; Commercial soymilk.

Resumo

O bagaco de cana-de-agUcar, de residuos agroindustriais, foi autoclavado a 121 °C durante 15 min, tratado com
NaOH a 2% e ativado com 2,5% de glutaraldeido, para imobilizacdo de B-glicosidase de soja. Andlises de
microscopia eletronica de varredura, espectroscopia de raios X por dispersdo de energia e espectroscopia de
infravermelho por transformada de Fourier caracterizaram e confirmaram a imobilizacdo de B-glicosidase em
bagaco de cana. A eficiéncia da imobilizagdo foi influenciada pelo tipo de modificagdo do bagagco com a méaxima
de 99%. As condi¢des de imobilizagdo étimas foram de 1 mg de proteina mL™, pH 7,0, 2,5% de glutaraldeido,
110 rom e 8 h de incubacdo a 4 °C. O sistema imobilizado pode ser reutilizado por 15 ciclos sem perda completa
de atividade. A estabilidade térmica indicou uma atividade residual de 15% apds uma incubagdo de 180 min a 70 °C.
A conversao de eficiéncia de isoflavonas glicosidicas em agliconas em um leite de soja comercial por B-glicosidase
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imobilizada em bagaco de cana foi avaliada e o teor de agliconas totais aumentou em 23,8% apds incubacdo a
50 °C durante 120 minutos.

Palavras-chave: Soja; B-glicosidase; Bagaco de cana; Imobilizacdo de enzima; Isoflavonas; Extrato de soja
comercial.

1 Introduction

Brazil is the largest sugarcane producer in the world. The estimated average productivity of sugarcane for
the 2017-2018 harvest was 73,728 kg/ha with an estimated 646.34 million tons of sugarcane crushed
(Companhia Nacional de Abastecimento, 2017). Sugarcane bagasse (SCB) is one of the by-products of this
process with an average production of 260 kilograms per ton of sugarcane crushed (Unido das Industrias de
Cana-de-Acucar, 2011). This agro-industrial residue is a fibrous material composed approximately of 55%
cellulose, 17% hemicellulose, 25% lignin and 1% ash. These components present in sugarcane have varied
concentrations and depends on many factors, such as climatic conditions and soil properties during cultivation
(Hoareau et al., 2004). A possible use of SCB is as a support for the immobilization of enzymes
(Varavinit et al., 2002). The lignocellulosic fibers of SCB contain hydroxyl groups which can react with other
polar functional group, such as amine grouping, phosphate, carbonyl and carboxyl (Chen et al., 2012).
The structural complexity of SCB can limit its use. However, the fiber can be modified by thermal, acid and
basic treatments (Mosier et al., 2005). Alkaline treatments remove lignin, hemicellulose and uronic acids,
which facilitate the accessibility of cellulose (Khuong et al., 2014). The hydroxyl groups of anhydroglucose
units can be modified with various chemicals (Potthast et al., 2006). Glutaraldehyde is one of these reagents
and is used in the design of biocatalysts (Barbosa et al., 2014).

B-Glucosidase (B-D-glucoside glucohydrolase, EC. 3.2.1.21) catalyzes the hydrolysis of the B-glycosidic
bonds from the non-reducing ends of substrates. In the food industry, these enzymes play an important role
in saccharification, fermentation, and the production of flavorings, teas, wines, fruit juices and cellulose
(Krisch et al., 2010). Purified soybean cotyledons B-glucosidase (BGL) can be applied to glucosides
hydrolysis to aglycones (Santos et al., 2013). However, the use of this soluble enzyme has been limited by
economic factors, as purification processes and by the loss of the molecule in the solution, since the enzyme
solubilizes in the medium, difficult to recover. The immobilization process in low-cost supports such as
sugarcane bagasse, as well as its treatment, would enable the use in industrial processes, due to the added
benefit of enzyme reuse, increased thermal stability, ease of separation from reaction mixtures and range of
pH optimal (Singh et al., 2014).

Isoflavones are phenolic compounds of the flavonoid group, mainly accumulated in soybeans as products of
secondary metabolism. Their chemical structures resemble that of an estrogenic compound estradiol There are twelve
different forms of isoflavones, including aglycones (daidzein, genistein and glycitein), glucosides (daidzin, genistin
and glycitin), acetylglucosides (6-O-acetyldaidzin, 6-O-acetylgenistin and  6-O-acetylglycitin) and
malonylglucosides (6-O-malonyldaidzin, 6-O-malonylgenistin and 6-O-malonylglycitin) (Kao et al., 2008).
Isoflavones have been widely investigated because of their potential health benefits, including
anticarcinogenic activity (Hillman et al., 2011), cardiovascular disease prevention (Rimbach et al., 2008)
improvement of renal function in menopausal women with hypertension and renal function reduction
(Liu et al., 2014). The physiological effects of isoflavones may be associated with the biotransformation of
the glucosides converted to forms aglycones absorbed in the intestine. However, the bioavailability of
aglycones is influenced by the effects of habitual diet on gut microbiota (Tsuchihashi et al., 2008). Thus,
aglycone conversion technologies are applied to meet the increasing demands of soy products (Zaheer &
Humayoun Akhtar, 2017). The total isoflavone content of 18 soybean cultivars evaluated by Ribeiro et al.
(2007) were from 174.30 to 61.83 mg 100 g™ of which 67% was malonylglucosides, 31% glucosides and 2%
aglycones. The application of exogenous BGL in unfermented soy products may be a viable alternative to
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increase the content of aglycones (Chen et al., 2013; Grade et al., 2014). Therefore, in this work, enzyme
immobilization conditions in SCB were optimized using response surface methodology (RMS) to
development and application of an immobilized biocatalyst. SCB was characterized using scanning electron
microscopy (SEM), energy dispersive X-ray spectroscopy (SEM-EDX) and Fourier transform infrared
spectroscopy (FTIR). The properties of the SCB-immobilized enzyme were compared with those of soluble
enzymes. The SCB-immobilized BGL was applied to commercial soymilk to evaluate the efficiency
conversion of glucosides to aglycones.

2 Material and methods

2.1 Chemical and materials

Sugarcane bagasse (SCB) and soymilk were purchased from a local commercial market. Soybeans
[Glycine max (L.) Merrill.; BRS 213], were obtained from the Empresa Brasileira de Pesquisa Agropecuaria,
Centro Nacional de Pesquisa de Soja (Embrapa-Soja; Londrina, PR, Brazil).

For the determination of BGL activity, p-nitrophenyl B-D-glucopyranoside (p-NPG) substrate, p-nitrophenol
standard (p-NP) and bovine serum albumin (BSA) were purchased from Sigma-Aldrich Co. (St. Louis, MO,
USA). For the determination of the isoflavones, the standards 6”’-O-malonylglycosides and 6”-O-acetylglycosides
(Wako Pure Chemical Industries, Ltd., Osaka, Japan), and B-glycosides and aglycones (Sigma-Aldrich Co.,
St. Louis, MO, USA) were used. All other reagents used were of analytical grade or chromatography grade
from different sources.

2.2 Determination of B-glucosidase activity and protein content

BGL activity was assayed using p-NPG as substrate (Matsuura & Obata, 1993) with minor modification.
Soluble enzyme (0.25 mL) was added to 1 mL phosphate-citrate buffer (100 mM, pH 5) containing p-NPG (1 mM)
at 30 °C for 30 min. Reaction was stopped by addition of 1.25 mL of sodium carbonate (500 mM). Immobilized
enzyme (100 mg) was added to 4 mL phosphate-citrate buffer (100 mM, pH 5) containing p-NPG (1 mM) at
30 °C for 30 min and was separated by filtration. To the filtrate (1 mL) was added 1.25 mL of sodium
carbonate (500 mM) to stop and reaction. The activity of the soluble and immobilized enzyme was
determined by absorbance measured at 420 nm. Control assay without enzyme or without substrate was
included. The standard curve of p-NP (0.016-0.16 pmol) was prepared. One unit of B-glucosidase activity
(U) was defined as the amount of enzyme required to liberate 1 pmol of p-nitrophenol min™ under assay
conditions.

Protein contents in the soluble enzyme solution and the residual protein contents in the immobilized
enzymes washings solutions were quantified using BSA as standard (40-400 pg mL™") (Lowry et al., 1951).
The determination of the protein bound to the support was performed indirectly, by the difference of the
initial amount of proteins (total content of the solution) and the protein content lost in the washings solutions.
The specific activity of the soluble and immobilized BGL was determined as the relationship between the
enzymatic activity and the protein contents, and this value was expressed as U mg™! of protein.

2.3 Enzyme preparation

Soybean cotyledon flour and sodium phosphate buffer (100 mM; pH 6.6) were used in a 1:10 proportion
(W/v) to obtain a crude extract (Matsuura & Obata, 1993). The crude extract was fractionated with ammonium
sulfate at 40%, centrifuged at 4 °C 10000 x g for 20 min (ultracentrifuge Beckman Coulter Model optima
XE-100) and obtained precipitate (P4) and supernatant (Sao). At Siso ammonium sulfate was added until
saturation of 85% and obtained precipitate (Pss) and supernatant (Sgs). The precipitates were resuspended in
the buffer and together with the supernatants were dialyzed with the same buffer for 14 h at4 °C (Santos et al.,
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2013). After, the precipitate (Pss) was used as the enzyme source for immobilization on SCB, as it showed
the highest enzymatic activity.

2.4 Sugarcane bagasse modifications

The sugarcane bagasse (SCB) fibers were recovered by hand processing, washed and dried at 60 °C
(Marconi, MA 035), cut and passed through a 30 mesh (0.7 mm particle size). The modifications of the SCB
proceeded in the following ways: SCB1: SCB was washed with distilled water at 60 °C to remove sugars
until no sugars were detected (Dubois et al., 1956). SCB2: SCB1 was activated with 2.5% glutaraldehyde,
pH 7, incubated at 25 °C for 30 min at 70 rpm.

SCB3: SCB1 was treated with 2% NaOH at 30 °C for 24 h and autoclaved at 121 °C for 15 min.
SCB4: SCB3 was activated with 2.5% glutaraldehyde, pH 7, incubated at 25 °C for 30 min at 70 rpm.
SCBS: was treated with 70% ethanol and autoclaved at 121 °C for 15 min.

SCB6: SCBS5 was activated with 2.5% glutaraldehyde, pH 7, incubated at 25 °C for 30 min at 70 rpm.

2.5 Immobilization of enzyme

The BGL was diluted with sodium phosphate buffer (200 mM; pH 7) to obtain a specific activity of
8.17 107 U mg™! of protein, for each mL of soluble enzyme. For immobilization, 1 g of SCB native (SCB1)
or modified (SCB2; SCB3; SCB4; SCB5; SCB6) was added to 30 mL of soluble enzyme. The systems were
shaken at 70 rpm for 6 h at 4 °C. The SCB were collected by filtration, washed with phosphate-citrate buffer
(100 mM, pH 5) and stored at 4 °C. The supernatants containing the soluble enzyme and washing solutions
were analyzed for BGL activity (U), protein content and specific activity. The immobilization efficiency (IE)
was calculated as follows: IE (%) = (specific activity of immobilized enzyme/specific activity of soluble
enzyme) X 100. The assays were performed in triplicate and the results were submitted to an analysis of
variance (ANOVA) and Tukey’s test (p < 0.05) to determine the modification of SCB most suitably to a
higher immobilization efficiency of BGL.

2.6 Characterization of sugarcane bagasse

2.6.1 Determination of cellulose, lignin, hemicelluloses and ash

Cellulose, lignin and hemicellulose content were determined (Van Soest et al., 1991) and ash content of
was determined using muffle furnace at 550 °C (Association of Official Analytical Chemists, 2006) to
evaluate the structure of SCB native and modified.

2.6.2 Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray spectroscopy (SEM-EDX)

The morphology, chemical elements and functional groups on the surface of SCB native, modified and
immobilized enzyme were examined by using scanning electron microscopy (SEM) coupled with energy
dispersive X-ray spectroscopy (SEM-EDX) at an accelerating voltage of 10 keV (FEI Quanta 200, Hillsboro,
OR, USA). For SEM analysis, sample were dried, placed on an aluminum stub and coated with a layer
(25 nm) of gold using a sputter-coater (Bal-Tec Sputter Coater SDC 050, Scotia, NY, USA). For SEM-EDX
studies, dried samples were coated with graphite.

2.6.3 Fourier Transform Infrared Spectroscopy (FTIR)

The FTIR spectra of the samples were analyzed using a IR Prestige-21 Shimadzu spectrometer (Columbia,
MD, USA). The analyses were performed after, preparation of thesamples by mixing the material with KBr
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power followed by vacuum drying. The spectra were recorded in the range of 1000-4000 cm™' and readings
were performed with 100 scans for each sample at 2 cm™ resolution using IRSolution Software 1.60SU2.

2.7 Experimental design and statistical analysis

Preliminary assays were performed to determine the initial values of factors [protein (0.5-1.5 mg mL™),
glutaraldehyde (0.5%-2.5%), pH (4.5-7.5), rpm (70-110) and incubation time (2-6 h)] involved in enzyme
immobilization using 25! fractional factorial design (25! FFD). Based on these results, 2° rotatable central
composite design (22 RCCD) was used for optimization of enzyme immobilization on SCB modified with
13 random assays (4 axial points and 5 central points). The independent variables and their levels were:
incubation time (2, 4, 8, 12 and 14 h) and glutaraldehyde content (1.0%, 1.5%, 2.5%, 3.5% and 4.0%).
The immobilization efficiency (IE) obtained was taken as the dependent variable (Y1, %). The mathematical
model for the response function (IE) was expressed as: Yie = o + ZBiXi + ZBiXi* + ZPiXiX; + €, where XiX;
are the input variables, P are the estimated coefficients on the response surface and ¢ is the error. The model
was obtained by analyses of variance (ANOVA, p = 0.05) and regression analysis using Statistic
10.0 (Statsoft, Tulsa, OK, USA). Response surface and desirability were generated for response function

evaluated.

2.8 Characterization of immobilized B-glucosidase

2.8.1 Effect of pH and temperature

In all cases, control assays using soluble enzyme were carried out. The assays were performed in triplicate
and analysis BGL activity. To evaluate the effect of pH and temperature on SCB-immobilized BGL, a
22 RCCD was used, with 13 random assays (4 axial points and 5 central points). The independent variables and
their levels were: pH (3.0, 4.0, 5.5, 7.0 and 8.0) and temperature (25, 35, 50, 65 and 75 °C). The SCB-immobilized
BGL was assayed at an increasing content of p-NPG (0.1-20 mM) under optimal conditions (pH 5.5 at 50 °C) for

30 min. K, and V. were determined using Lineweaver-Burk plot method.

2.8.2 Thermal stability

Thermal stability was determined by incubating the enzyme at 30, 50 and 70 °C in phosphate-citrate buffer
(100 mM, pH 5.5) for different time intervals (0-240 min), after this previous incubation, without p-NPG,

the residual activity at 50 °C for 30 min using p-NPG as a substrate was determined.

2.8.3 Reusability

For reusability studies, SCB-immobilized BGL was determined under optimal conditions (pH 5.5 at 50 °C)
for 30 min. After each assay, these were washed with phosphate-citrate buffer (100 mM, pH 5.5). The results

were expressed as residual activity (%) of immobilized enzyme after each cycle.

2.9 Enzymatic treatment of soymilk for hydrolysis of isoflavones

The SCB-immobilized BGL (0.4 g) was incubated with 10 mL commercial soymilk and maintained at
25 or 50 °C for 30 to 120 min. At the same time, a control assay without enzyme was performed in the same
conditions. After use, the enzyme was removed. The soymilk was lyophilized and defatted with hexane at a
1:10 (g mL™") proportion and was continually stirred for 1 h at 25 °C followed by vacuum filtration. After,

the 1soflavones contents were determined.
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2.10 Determination of isoflavones

The extraction of isoflavones was performed in triplicates with 0.3 g lyophilized and defatted samples in 6 mL
of extraction solution containing ultra-pure water, acetone and ethanol (1:1:1; v:v:v) (Yoshiara et al., 2012).
Separation and quantification of isoflavones were performed using ultra-high-pressure liquid chromatography
(UHPLC; Acquity UPLC® System, Waters, Milford, MA, USA) equipped with a reversed-phase BEH C18
column (50 mm x 2.1 mm, 1.7 mm; Waters) (Handa et al., 2014). The results are expressed in pmol of
isoflavone per mL of sample (umol mL™"). The results were submitted to an analysis of variance (ANOVA)
and Tukeys’s test (p < 0.05).

3 Results and discussion

3.1 Sugarcane bagasse modifications

The immobilization efficiency (IE) of BGL on SCB modified with alkali and temperature was 62% to 98%
(Table 1) and protein content (0.7 mg mL™! or 1.4 mg mL™) did not affect (p > 0.05) the IE in all SCB used.
The SCB modified with 2% NaOH, autoclaved (15 min at 121 °C) and activated with 2.5% glutaraldehyde
(SCBg4) presents greater IE.

Table 1. Immobilization efficiency (IE) of soybean B-glucosidase in modified sugarcane bagasse (SCB) with
chemical and thermal treatments.

Protein Protein

Modifications (0.7 mg mL™") (1.4 mg mL™1)
IE (%) IE (%)
SCBi(Water 60 °C) 66 + 2 Ack 62 + 4 4
SCB2(Water 60 °C + 2.5% glutaraldehyde) 77 £34b 80+ 14b
SCB3(2% NaOH + autoclave) 79 £ 2 Ab 81 +2Ab
SCB4(2% NaOH + autoclave + 2.5% glutaraldehyde) 08 + 142 97+ 14
SCBs5(70% Ethanol + autoclave) 56 + 3Ad 53+£3Ad
SCBé(70% Ethanol + autoclave +2.5% glutaraldehyde) 82 +] Ab 83 + 14b

SCB =1 g of sugarcane bagasse. Autoclave conditions: 121 °C for 15 min. Each value is a mean of three replicates and standard
deviation = SD. *Mean value followed by the same superscript letters in the line (A) or in the row (a, b, ¢ and d) are not significantly
different (Tukey p > 0.05) with CV=6.14%.

Glutaraldehyde has been used widely in the construction of catalytic systems for application in food
(Albuquerque et al., 2018; Singh et al., 2014; Chen et al., 2013). Thus, the immobilized a-galactosidase in
functionalized graphene nanosheets activated with 2.8% glutaraldehyde was applied in soy drink and
hydrolyzed the oligosaccharides (Singh etal., 2014). The activated spent coffee grounds with 2.5%
glutaraldehyde were used for immobilization of B-glucosidase and applied in black soy drink for hydrolysis
of aglycones (Chen et al., 2013). Thus, the SCB4 was used for further immobilization assays, characterization
and application.

3.2 Immobilization of B-glucosidase on modified sugarcane bagasse

From the exploratory model of the 23! FFD, the ANOVA and regression analysis, the effects of input
variables X; (protein, mg mL™"), X, (pH), X5 (rpm), X4 (glutaraldehyde, %) and Xs (incubation, h) on the
response function of IE (%) were observed (data not showed). The variable pH (X3), glutaraldehyde (X4) and
incubation (Xs) showed significant positive linear effects (p < 0.05). The variables protein (Xi), rpm (X3)
and interactions (X;. X 3, X 1. X 5, X 2. X 5, X 3. X 4 and X 3. X 5) were not significant (p > 0.05) and the
coefficient of determination (R?) was 0.76. Preliminary experiments assays showed that the stability of the
SCB4- immobilized BGL was greater at pH 7. Thus, the immobilization conditions were fixed 1 mg mL™! of
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protein, 110 rpm and pH 7 at 4 °C. Therefore, to optimize SCB-immobilization BGL conditions, assays were

performed (22 RCCD) with input variables X~ (incubation time: 2, 4, 8, 12 and 14 h) and Xy~ (glutaraldehyde:
1.0, 1.5, 2.5, 3.5 and 4.0%).

According to the ANOVA and the regression analysis for IE, X;» and X,» showed significant linear and
quadratic effect. In addition, the interaction (X;~.X~) showed significant negative effect (p < 0.05) (data not
showed). The quadratic polynomial equation with significant terms is: IE (%) = 17.85 + 12.05 X;» + 29.12
Xo» - 0.62 X% - 6.06 Xp? - 0.63 X;».Xp», where X~ denotes incubation time (h) and X is glutaraldehyde
(%). The model showed an R? of 0.92, indicating that 92% of the experimental results adequately adjusted
with the proposed model, so the model can be used for predictive purposes.

Analyzing the response surface (Figure 1A) the IE range from 70% to 99% and negative interaction
between X;» and X»». There is a region in which of maximum of IE, i.e., Xi» was between 6.0 and 12 h and
Xo» was between 1.0% and 3.0% of glutaraldehyde. The desirability parameters obtained by the model
indicated that the maximum IE would be 97%, which occurred when X;» = 8 h of incubation and X»» =2.5%
of glutaraldehyde (Figure 1A) which coincided with central point. Thus, the results demonstrated that to
obtain maximum IE SCBjs-immobilized BGL conditions should be used 1 mg mL™! of protein, 110 rpm,
pH 7.0, 8 h of incubation and 2.5% glutaraldehyde at 4 °C.
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Figure 1. Response surfaces plots for soybean B-glucosidase immobilization in sugarcane bagasse as a function of
time (h) and glutaraldehyde (%) for IE optimized (A) and as a function of effect of temperature (°C) and pH on the
activity of soluble (B) and immobilized p-glucosidase (C).

Response surface methodology (RSM) was used to be a useful statistical tool for modeling multivariate
that influences the response function. This statistical method was able of optimize the process with save time
and reagents by reductions in the number of experiments of overall analysis, being advantageous to the

industry. RSM has been used for optimization of biocatalysis processes (Singh et al., 2014) and enzyme
production (Handa et al., 2014).
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The results of IE of BGL (97%)), after optimization, were higher than those observed for BGL immobilized in
chitosan beads activated with 2.5% glutaraldehyde with IE of 73.8% (Grade et al., 2014). Immobilization of BGL
in supports cellulose-rich materials was reporting at immobilization of Aspergillus niger BGL on spent coffee
grounds obtain IE of 82% (Chen et al., 2013). Others enzymes were immobilized in agro-industrial residues such
as Trametes versicolor laccase on green coconut and Bacillus licheneformis o-amylase on sugarcane bagasse,

with immobilization efficiency of 98% and 44% (Bezerra et al., 2015; Potthast et al., 2006).

3.3 Characterization of sugarcane bagasse

The SCB washed contained cellulose (45.6%), lignin (5.6%), hemicellulose (42.6%) and ash (0.79%).
After the alkaline and thermal treatments of SCB were significantly, (p < 0.05) removed lignin (71.4%) and
hemicellulose (49.3%) of the SCB unmodified. No significant differences (p > 0.05) in the ash content

between the treatments of SCB were observed in Table 2.

Table 2. Chemical composition of sugarcane bagasse treated with 2% NaOH and autoclaved at 121 °C for 15 min.

Treatment Cellulose Lignin Hemicellulose Ash

(%) (%) (%) (%)
Bagasse (washed) 45.6+3 C* 5614 42.6+24 0.79+0.14
Bagasse (2% NaoH) 59.5+28B 1.9+0.78 345+28B 0.66 +0.05 4
Bagasse (2% NaOH + autoclaved) 74.0£34 1.6+048 21.6£1°€ 0.61 +£0.06 4

Each value is a mean of three replicates and standard deviation + SD. ¥*Mean value followed by the same superscript letters in the row (A, B

and C) are not significantly different (Tukey p> 0.05) with coefficient of variation = 1.6%.

The removal of lignin and hemicellulose increased the IE of 62% to 81% (Table 1). The complex
association of cellulose, lignin and hemicellulose in SCB decrease the contact area and reduce their use as
support of enzyme immobilization (Khuong et al., 2014). The alkaline treatment may partially remove lignin,
hemicellulose and other residues from cellulose fiber surface, revealing chemical reactive functional
cellulose groups like — OH. This treatment in sugarcane bagasse is advantageous for the industry, since it
allows lower sugar degradation and formation of furan derivatives when compared to the thermal and acid
pre-treatments, besides the improvement of the reactivity of the remaining polysaccharides and the

elimination of acetyl and other hemicellulose substituent (Chen et al., 2011).

The SEM images of SCB unmodified, modified and with immobilized enzyme are presented in Figure 2.
The morphology of SCB; and SCBs (Figure 2B and 2C) were similar a SCB unmodified (Figure 2A). SCB3
and SCB4 (Figure 2D and 2E) showed morphology different a SCB unmodified. SEM images suggest that

the alkaline and thermal treatments were efficient in the removal of the external surface layers.

The similar morphological changes in SCB and coconut fiber were observed (Bezerra et al., 2015;
Carvalho Neto et al., 2014). The Figure 2F showed the SEM micrographs of enzyme immobilization on the
surface of SCB4. The granulated areas marked by black arrows indicate that enzyme was immobilized on
SCB modified. The presence of granulated areas on spent coffee grounds and glass microspheres was

reported in the immobilization of Aspergillus niger BGL (Chen et al., 2012, 2013).
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Figure 2. SEM images of sugarcane bagasse unmodified (A) and modified with: water at 60 °C (B), 70% ethanol and
autoclaved (C), autoclaved and treated with 2% NaOH (D), autoclaved, treated with 2% NaOH and activated with
2.5% glutaraldehyde (E) and with immobilized B-glucosidase (F).

Chemical elements (C, O, S, P, K, Ca, Na, Cl and Si) in SCB unmodified and modified were determined
by SEM-EDX and were different between treatments (Figure 3A-F). The presence of P in SCB4 can be
attributed to sodium phosphate buffer used in the preparation of glutaraldehyde and was absent in SCBs.
The Cl detected in SCB-immobilized BGL (Figure 3F) can be assign to HCI use to obtain the enzyme and S
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may be indicative of sulphydryl groups of amino acids present in the enzyme, indicating a possible

immobilization de BGL in SCBa.

A)

C)

E)

Figure 3. SEM/EDX images of sugarcane bagasse unmodified (A) and modified with: water at 60 °C (B), 70%

o
T

J Si K Ca
K ca

B)

Full Scale 44737 cts Cursor: 14.820 (41 cts)

1 2 3 4 5 6

0 2 4 6
Full Scale 18938 cts Cursor. 14.820 (33 cts)

Energy (KeV)

r—
!

D)

Energy (KeV)

Na Si Ca

T T T T T
0 2 4 6 8
Full Scale 22506 cts Cursor: 14.820 (45 cts)

Energy (KeV)

Full Scale 9418 cts Cursor: 14 820 (37 cts)

1] 2 4 6 8

Energy (KeV)

F)

0 2 4 ]
Full Scale 10552 cis Cursor. 14820 (35 cts)

Energy (KeV)

Full Scale 11470 cts Cursor: 11.626 (74 cis)

Energy (KeV)

ethanol and autoclaved (C), autoclaved and treated with 2% NaOH (D), autoclaved, treated with 2% NaOH and

activated with 2.5% glutaraldehyde (E) and with immobilized -glucosidase (F).
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FTIR spectra were recorded for unmodified, modified SCB and SCB-immobilized BGL. The peaks at
1725 cm™ and 1240 cm! of the unmodified SCB, SCB, and SCBs (Figure 4A, 4B and 4C) corresponds to
C=0 and C—0O-C stretching vibrational, respectively, and are characteristics of lignin and hemicellulose.
The disappearance of these peaks in spectra of the SCB3 and SCB4 can indicate that lignin and hemicellulose
were partially removed during alkaline treatment with 2% NaOH at 121 °C for 15 min. These results also
were observed in SCB treated with 10% NaOH at room temperature for 15 h (Carvalho Neto et al., 2014).

The spectra of the SCB4-immobilized BGL (Figure 4F) showed peaks at 1656 cm™ and 1460 cm™.. Studies
evaluated the immobilization of BGL (Sigma) on smectite nanoclays (Serefoglou et al., 2008) and magnetic
Fe;04 nanoparticles (Zhou et al., 2013), peaks at 1412 cm™ and 1660 cm™ were attributed to the stretching
vibrational of amide groups of peptides and therefore confirmed the immobilization of enzyme.

1656 1460 E)
N D)

C
\/f o 17mw )
v 1725\Lfmf~ B

- A)
\mw
| 1725

— " KBr

Transmitance (u.a.)
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Figure 4. FTIR spectra of sugarcane bagasse unmodified (A) and modified with: water at 60 °C (B), 70% ethanol and

autoclaved (C), treated with 2% NaOH and autoclaved (D), autoclaved, treated with 2% NaOH and activated with
2.5% glutaraldehyde (E) and with immobilized B-glucosidase (F).

3.4 Characterization of immobilized B-glucosidase

The optimum pH and temperature of soluble and SCB-immobilized BGL were determined by 22 RCCD and RMS
(shown only figures). The RMS showed an optimal area of activity to soluble and SCB-immobilized BGL (i.e.), pH
values of 4 to 6 and temperatures from 30 to 60 °C; Figure 1B and 1C). The greater activity was observed in at
pH 5.5 at 50 °C for soluble and immobilized enzyme (3.69 10~ U and 4.47 10 U). The optimum pH of 5.5
was attributed to the presence of two carboxylic acids involved in the catalytic activity of BGL
(Nam et al., 2010).

Kinetic constants of soluble (Figure 5A) and SCB-immobilized BGL (Figure 5B) were determined with
p-NPG at pH 5.5 and 50 °C (optimal condition). K, of the soluble and immobilized enzyme were 0.26 mM
and 0.46 mM, respectively, and V.. values of 7.2 pmol p-NP min™!' and 4.37 pmol p-NP min™!. These results
indicated that the affinity of immobilized BGL by p-NPG was lower than when compared to the soluble
enzyme. This difference in affinity can be associated to the microenvironment created by the enzyme-support
interaction, which promoted conformational changes that affected the catalytic function (Simdes et al., 2011).
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Figure 5. Effect of p-NPG concentration on the activity of soluble (A) and sugarcane bagasse-immobilized soybean

The stability of soluble and SCB-immobilized BGL’s was evaluated for different periods of time and
temperatures at pH 5.5 (Figure 6A). Soluble and immobilized enzyme was thermally stable at 30 °C, with
activity reductions of 16% and 5%, respectively, after 240 min of incubation. At 50 °C, the activities of the
soluble and immobilized enzyme decreased by 78% and 15% after 60 min incubation. After 240 min, the
immobilized enzymes retained 37% of the original activity, while the soluble enzyme retained only 6% of
the initial activity. At 70 °C, the soluble enzyme showed no activity after 20 min, whereas the immobilized
enzymes retained 15% activity after 180 min incubation. The reduction in the activity of the soluble enzyme
was greater than the one of immobilized enzyme, indicating that the immobilization increased the thermal
stability. The increase of thermal stability in immobilized systems can be due to the increased stiffness of the
enzymes, which preserved the conformation of the tertiary structure in different environments
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The reusability of SCB-immobilized BGL using p-NPG was analyzed over 15 cycles (Figure 6B). After
4 cycles, the immobilized enzyme retained 84% of its activity. After 15 cycles, the immobilized enzyme
showed 13% of its initial activity. The activity loss could be associated to progressive weakening bonds in
the immobilization matrix due to release and three-dimensional distortions that likely occurred from the
recurrent exposure of the catalytic site to substrates (Dwevedi & Kayastha, 2009).

A)

100

—{1+— Soluble enzyme 30 ¢C
—O—Soluble enzyme 50 :C
—/—Soluble enzyme 70 :C
—— Immobilised Enzyme 30 :C
—e—Immobilised Enzyme 50 :C
—&— Immobilised Enzyme 70 :C

Residual activity (%)
(3]
o

o
1

I 1
0 100 200 300

Time (min)

B)

120 -
s
- 80 4
)
=
*5 4
©
©
S 404
9
(]
D
m B

0 T T T

0 7 14
Number of uses

Figure 6. Effect of thermal stability of soluble and immobilized B-glucosidase at pH 5.5 (A) and reusability of
immobilized B-glucosidase with the substrate p-NPG at pH 5.5 at 50 °C for 30 min (B).
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3.5 Conversion of glucosides to aglycones in soymilk

The different forms of isoflavones from commercial soymilk were quantified by UHPLC (Table 3) and
the contents were 0.311 pmol de glucosides mL™!, 0.046 umol de malonilglucosides mL™! e 0.021 umol de
aglycones mL™.

Table 3. Content of different forms of isoflavones in commercial soymilk treated with soybean B-glucosidase
immobilized in modified sugarcane bagasse with 2% NaOH, autoclaved (15 min at 121 °C) and activation with 2.5%
glutaraldehyde.

Treatments
Isoflavones
Control min/25 °C min/50 °C
(umol mL™)
30 60 120 30 60 120
Daidzin 0.127 £0.002 4% 0.116 +0.001 B 0.115+0.001 B 0.116 +0.001 B 0.116+0.001%  0.115+0.001%  0.116 +0.001 B
Genistin 0.184 +0.004 » 0.157+£0.004 B 0.154+0.003 B 0.153 +£0.004 B 0.155+£0.0028  0.154+£0.001 %  0.154 +0.002 B
Malonyldaidzin ~ 0.025 +0.001 A 0.025 +0.002 0.025 +0.001 0.026 + 0.001 0.026 +£0.001 4 0.026 +0.001 A 0.026 + 0.00 »
Malonylgenistin 0.021 +£.001 * 0.018+£0.001 B 0.018+£0.001 B 0.017 +£0.001 B 0.018 £0.002%  0.018 £0.001®  0.017 +£0.002 B
Daidzein ND ND ND ND ND ND ND
Genistein 0.021 £0.001°  0.023+0.0005€ 0.023 £0.0005€ 0.024 + 0.0005 B 0.024 +£0.0005 % 0.025+0.0005®  0.026 £ 0.0005*
TOTAL 0.378 £ 0.005 A 0.339+£0.004 B 0.336 £ 0.004 B 0.337+£0.003 B 0.339+£0.004%  0.338+£0.003%  0.339+£0.002 B

Control = commercial soymilk untreated with soybean B-glucosidase immobilized. Each value is a mean of three replicates and standard
deviation (+). *Mean value followed by the same superscript letters in the line (A, B, C and D) are not significantly different
(Tukey p > 0.05) with coefficient of variation = 1.9%. ND = not detected.

The forms acetilglucosides, malonilglicitin, glicitin, glicitein and daidzein were not detected. The addition of
SCB-immobilized BGL (0.003 U) in commercial soymilk at 25 °C or 50 °C for 120 min increased in 14.3% and
23.8% of genistein contents, respectively, compared with the control. The daidzein content was not detected.
Possibly, the difference of daidzin content between the control and treatments (0.011-0.012 umol mL™") was not
enough to the detection of the conversion from daidzin to daidzein. But the difference of genistin content
between the control and treatments (0.027-0.031 umol mL™') made possible the observation of the conversion
to genistein.

Thus, the addition SCB-immobilized enzyme in commercial soymilk increased the aglycone content, even
though it was not in optimal conditions (pH 5.5), since the application was carried out in soymilk without
changing its characteristics, including its pH being 7.2. Quitosan-immobilized soybean BGL applied in
soymilk at optimal conditions of enzyme (pH 5.5 at 50 °C) increased by 24% in the aglycones contents after
60 min of incubation (Grade et al., 2014). The black soymilk added of spent coffee grounds or glass
microspheres-immobilized Aspergillus niger BGL increased by 56% in the aglycones content,
approximately, after 60 min or 120 min at optimal conditions of enzyme (pH 6 at 50 °C)
(Chen et al., 2012, 2013).

Several factors, such as optimal conditions of activity, its source and substrate availability can influence
in the obtainment of the aglycones. The isoflavones content in soymilk varies accordingly raw material and
genetic variability of cultivar (harvest, cultivated land) (Lee etal., 2007) and processing condition
(Genovese et al., 2007). Also, storage and shelf life of commercial soybean products promote significant
reduction of isoflavones (Callou et al., 2010). Consumption of soy beverages has increased in recent years
because of its health benefits and absence of lactose and cholesterol. These drinks are the most consumed
between soy products (United Soybean Board, 2014).

4 Conclusions

The optimal conditions for the immobilization soybean cotyledons BGL in SCB modified with 2% NaOH,
autoclaved at 125 °C for 15 min and activated with 2.5% glutaraldehyde show maximum immobilization
efficiency of 97%. The bagasse treatments modify the morphological structures of lignin-hemicellulose-cellulose
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complex, influence the compositions of the minerals and the chemical groups of the fibers and enable the
enzyme immobilization. The thermal stability of the immobilized enzymes is greater than that of solubilized
enzymes, and it is possible to reuse the same immobilized structure for 15 cycles without a complete loss of
activity. The application of a catalyst system content SCB-immobilized soybean BGL, proposed here, can be
a promising alternative due to the ease of use, high thermal stability and can be implemented in industrial
processes.
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